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Established 1867 - 
It is these years 


yrremost name 


ELAIN 
LATION 


220 kV. Pressure Type Cable Sealing Ends 

s incorporating T.T. porcelains installed at 

| the Fontenay Research Station of 

| Electricité de France 1948. 

¢ Hydraulic routine test; 500 Ib/sq. in. 
applied internally. 

Contractors: British Insulated Callender 

Cables Ltd.,.and Enfield Cable Co. Ltd. 


R TUNNICLIFF @OguF- 
PORCELAIN INSULATORS 


TAYLOR TUNNICLIFF & CO. LTD., Head Office: EASTWOOD « HANLEY - STOKE-ON-TRENT * STAFFORDSHIRE 


Telephone: Stoke-on-Trent 25272-5. ° London Office: 125 HIGH HOLBORN, W.C.1. Telephone: Holborn 1951-2 
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CONTROLLED 


The most advanced design steam raising units to be built 
by International Combustion for the Central Electricity Generating Board 
—the five 200MW units for High Marnham Power Station and 
the 550MW unit for Thorpe Marsh Power Station 


—will employ the controlled circulation system. 


One of the High Marnham 
manifolds leaving the works. 
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STUDY THESE FEATURES 


@ POSITIVE CIRCULATION Positive and adequate circulation is assured to each 
and every tube, irrespective of firing rate. 


@ LOWER STRESSES The smaller bore tubes which are used in this system 
permit thinner walls and lower metal temperatures. 


‘@ QUICKER STARTING Positive circulation both from cold or banked conditions 
_ ensures equal and even temperatures throughout the unit. 


@ ECONOMY The effective use of heating surfaces and their disposition permit 
lighter structures, with economy of space occupation and civil engineering costs. 


See us at the Engineering, Marine Welding and Nuclear 
Energy Exhibition, stands No. 10, row C and No. 12, row A, 
ground floor, Grand Hall, Olympia. 


- LONDON OFFICE: NINETEEN WOBURN PLACE WCI - TELEPHONE TERMINUS 2833 * WORKS: DERBY 


0 
y 
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Member of Atomic Power Constructions Ltd. One of the five British Nuclear Energy Groups 
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193 16 000 amperes of copper-oxide rectifiers : 195 Part of a 182000 ampere Westalite oil- 
installed for Copper Sheets, Birmingham. immersed rectifier installation by W. Canning 
& Co. Ltd., at Vauxhall Motors Ltd., Luton. 


Pie 


Telecommunications 


PYE TELECOMMUNICATIONS LIMITED, NEWMARKET ROAD, CAMBRIDGE. 
Telephone: Teversham 3131 Telegrams: Pyetelecom Cambridge 


I,E.E. PROCEEDINGS, PART A—ADVERTISEMENTS 


PIE, 


Radiotelephones 
Keep The Power 
Flowing 


More and more electricity authorities 
throughout the world are introducing 
Pye radiotelephone systems to in- 
crease efficiency and improve their 
service to consumers. 

The Pye range of A.M. and F.M. radio- 
telephone equipment is the most 
comprehensive in the world. There is 
a Pye radiotelephone to suit all system 
or specification requirements. 

Our Sales Engineering department is 
ready to study your fixed and mobile 


communication problems. 


LE.E. PROCEEDINGS, 


CABLE MAKERS ASSOCIATION, 


PART A—ADVERTISEMENTS 


“ 


URING their occupation of Britain (A.D.50— 
# A.D. 410), the Romans built themselves homes of great 
a They brought from Egypt the art of brick-making 
—an art which disappeared when the Dark Ages came, and 
which was not recovered in England until the 13th Century. 
In architecture, as in many other fields, the Romans set a 
standard which few have equalled since. In cable making too, 


standards are of vital importance. For over 100 years members 


sn en ee ee ee ee 


MEMBERS OF THE C.M.A, 


British Insulated Callender’s Cables Ltd + Connollys (Blackley) Ltd. 
Enfield Cables Ltd + W. T. Glover & Co. Ltd Greengate & 
Irwell Rubber Co. Ltd + W. T. Henley’s Telegraph Works 
Co. Ltd + Johnson & Phillips Ltd - The Liverpool Electric Cable 
Co. Ltd + Metropolitan Electric Cable & Construction Co. Ltd. 
Pirelli-General Cable Works Ltd. (The General Electric Co. Ltd.) 
St. Helens Cable & Rubber Co. Ltd - Siemens Edison Swan Ltd. 
Standard Telephones & Cables Ltd - The Telegraph Construction & 
Maintenance Co. Ltd. 


( vi ) 


A Roman villa, A.D. 400 


of the Cable Makers Association have been concerned in all 
major advances in cable making. Together they spend over 
one million pounds a year on research and development. 
The knowledge gained is available to all members. This 
co-operation has contributed largely to the world-wide 
prestige that C.M.A. cables enjoy, and it has put Britain at 
the head of the world cable exporters. Technical information 


and advice is freely available from any C.M.A. member. 


Insist on a 
cable with the 


C.M.A. label 


CABLE MAKERS ASSOCIATION 


52-54 HIGH HOLBORN, 


LONDON, W.C.1. TELEPHONE: HOLBORN 


The Roman Warrior and the letters ‘C.M.A. > are British Registered Certification Trade Marks. 


7633 
CMA 23 
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HACKBRIDGE 
275 KV : 


TRANSFORMERS 


120 MVA «180 MVA 


The illustration shows two 120 MVA 275/132 kV Instructions have now been received from the 
Hackbridge transformers installed at West Weybridge Central Electricity Generating Board for the 
substation, Central Electricity Generating Board. manufacture of four 180 MVA 275/132 kV Hackbridge 
A further similar unit is installed at Fleet whilst transformers, two for installation at Fleet, and one 
another is in course of manufacture. each for Exeter and Taunton. 


HACKBRIDGE AND HEWITTIC ELECTRIC COMPANY LTD 


HERSHAM - WALTON-ON-THAMES - SURREY 
Telephone : Walton-on-Thames 760 (8 lines) Telegrams & Cables: ‘‘Electric, Walton-on-Thames”’ 


OVERSEAS REPRESENTATIVES: ARGENTINA: H. A. Roberts & Cia., S.R.L., Buenos Aires. AUSTRALIA: Hackbridge and Hewittic Electric Co., Ltd., 171, Fitzroy 
Street, S. Kilda, Victoria; N.S.W.: Queensland: W. Australia: Elder, Smith & Co. Ltd.; South Australia: Parsons & Robertson Ltd.; Tasmania: H. M. Bamford & Sons 
(Pty.) Ltd., Hobart. BELGIUM & LUXEMBOURG: Pierre Pollie, Brussels 3.. BRAZIL: Oscar G. Mors, Sao Paulo. BURMA: Neonlite Manufacturing & Trading 
Co. Ltd., Rangoon. CANADA: Hackbridge and Hewittic Electric Co. of Canada Ltd., Montreal; The Northern Electric Co. Ltd., Montreal, etc. CEYLON: Envee Ess Ltd., 
Colombo. CHILE: Sociedad Importadora del Pacifico Ltda., Santiago. EAST AFRICA: G. A. Neumann Ltd., Nairobi. EGYPT: Giacomo Cohenca Fils, S.A.E., 
Cairo. FINLAND: Sahké-ja Koneliike O.Y. Hermes, Helsinki. GHANA, NIGERIA & SIERRA LEONE: Glyndova Ltd. GREECE: Charilaos C. Coroneos, Athens. 
INDIA: Steam & Mining Equipment (India) Private Ltd., Calcutta; Easun Engineering Co. Ltd., Madras 1. IRAQ: J. P. Bahoshy Bros., Baghdad. MALAYA, 
SINGAPORE & BORNEO: Harper, Gilfillan & Co. Ltd., Kuala Lumpur. NETHERLANDS: J. Kater E.L., Ouderkerk a.d. Amstel. NEW ZEALAND: Richardson 
McCabe & Co. Ltd., Wellington, Etc. PAKISTAN: The Karachi Radio Co., Karachi 3. SOUTH AFRICA: Arthur Trevor Williams (Pty.) Ltd., Johannesburg, etc. 
CENTRAL AFRICAN FEDERATION: Arthur Trevor Williams (Pty.) Ltd.. Salisbury. THAILAND: Vichien Phanich Co. Ltd., Bangkok. TRINIDAD & TOBAGO: 
Thomas Peake & Co., Port of Spain. TURKEY: Dr. H. Salim Oker, Ankara. U.S.A.: Hackbridge and Hewittic Electric Co. Ltd., P.O. Box 234. Pittsburgh 30, 


Pennsylvania. WENEZUELA: Oficina de Ingenieria Sociedad Anonima, Caracas. 
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see 


Standardised Systems of General 


Indications, Telephony and 


elemetering for the 
CENTRA 


The South Thames Control Room 


Control and telecommunication systems throughout the electricity supply 
network (the grid) of the Central Electricity Generating Board have been 
modernised and standardised by the establishment of a number of new grid 
control centres. The General Electric Co. Ltd., was responsible for supply- 
ing and installing two of these centres, at South Thames (London) and at 
Birmingham. 

This is part of a programme for a ‘“‘Standardised System of General 
Indications, Telephony and Telemetering”’ initiated in 1949 by the C.E.G.B. 
(the then British Electricity Authority) in collaboration with the Automatic 
Telephone and Electric Co. Ltd., Standard Telephones and Cables Ltd., and 
The General Electric Co. Ltd. This standardised system forms a major 
contribution to improving the operating efficiency of the supply network. 


Everything for telecommunications:— 


THE GENERAL ELECTRIC COMPANY LIMITED OF ENGLAND 
Telephone, Radio and Television Works, Coventry 


ELECTRICITY 


GEC 18 


2 pee 
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O75 -kV 
RCUIT-BREAKERS 


3 at 
Castle Donington 


For the new C.E.G.B. Super Grid 
Switching Station at Castle Donington, 
British Thomson-Houston are supply- 
ing ten 275-kV, 7,500 MVA lenticular 
oil circuit-breakers. Each phase of the 
units includes four breaks shunted by 


Some of the BTH circuit-breakers on site at Castle {near resistors which ensure an equal 


Donington, C.E.G.B. East Midlands Division. distribution of voltage between breaks 
| : and effectively control switching 


overvoltages. 


BRITISH THOMSON-HOUSTON 


THE BRITISH THOMSON-HOUSTON COMPANY LIMITED - WILLESDEN : ENGLAND 
| ASIOF 


Member of the AE! group of compa 
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MERSEY, 

long established as a 

leading manufacturer of 
rubber insulated power cables, 
also produce 

a full range of 


BY 


PVC 
OWER 


ABLES 


PVC INSULATED MEDIUM VOLTAGE 
POWER CABLES 


Mersey’s modern production techniques have produced a high quality low 
priced PVC power cable capable of. withstanding rugged working conditions. 
Furthermore, Mersey offer the personal service of a medium size company 
coupled with the Research facilities and other Resources of the T.I. Group. 


For further information about Mersey power cables, send for the 
illustrated catalogue No. D./102. 


MERSEY CABLE WORKS LIMITED 


Linacre Lane + Bootle + Liverpool 20 
Telephone: Bootle 4111 * Telegrams: MERCABLES Liverpool 20 


Vv ERS FY a 
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Cleaner Air 
with the 


STURTEVANT 


“NEWGATE” 
GRIT COLLECTOR 


A combined induced draught fan and grit collector. 
Readily adaptable to all types of Shell boilers. 


Compact arrangement occupying the minimum 
of space. 


Si 4 
| 


A Sturtevant “Newgate” Collector being used with a 
Cochran Economic boiler. 


for hand 
and 
stoker-fired 


bol € rs A “Newgate” Collector for use 


with boiler capacities in the range 
of 4,000 to 10,000 Ib. of steam|hr. 


Full particulars are given in our publication N/3503- 


Southern House, Cannon Street, LONDON, E. C. 4. 


AUSTRALIA: STURTEVANT ENGINEERING CO. (AUSTRALASIA) LTD. 400 SUSSEX STREET SYDNEY N.S.W. 
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a truly flexible coupling 


Stainless steel membranes put flexibility into Metastream Couplings— 


au §=6they provide lateral, angular and axial flexibility independent of the torque 


MARINE 


aww transmitted—they are corrosion resistant to a high degree and unaffected 


ENUCLEAR 


meee § by operating temperatures and atmospheric conditions. 


Bienen Prices Reduced. Improved manufacturing methods, increased production 
ame § and lower cost of raw materials, enable the prices of the popular sizes of 
Metastream Couplings to be reduced by 10% below list. 


Stand No. 27 Inner 
my Gallery Grand Hall 


METASTREAM - x2 reyed aypttiaz 01 te peyecl deve 


Does not require lubrication. spacer and non-spacer 


light duty spacer 


Simple all-metal construction. 
non-spacer for 


No springs—gears—chains—rubber single bearing units 


bushes—roller or sliding members. cardan shaft units 


the cheapest all metal non- 
No thrust transmitted. lubricated coupling in the world 


There’s a complete range of couplings for all duties and horse-powers. Please write for full details. 


METADUCTS LIMITED 


METADUCTS LIMITED, CATHERINE WHEEL ROAD, BRENTFORD, MIDDX. TELEPHONE EALING 3678 


A MEMBER OF THE CONCENTRIC GROUP OF COMPANIES. 
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Significant fall in 
Solenoid death-rate 


Every solenoid has an inherent tendency to 
self-destruction. It is under constant strain, 
operating often at a very high rate and with 
considerable force. 

What keeps the Decco Solenoid going 
merrily on without collapsing is its unique 
anti-shock mounting, which guarantees 


astonishingly long life under rugged con- 
ditions. | : 5 oe 

Made from fine quality materials and 
backed by a service based on years of 
specialized experience, the Decco is the 
solenoid of today—and tomorrow and 
tomorrow and tomorrow. 


ecco The Solenoid that 


Write for illustrated Catalogue No. 14 


A COMPANY 


YI OF THE 
NS EXPERT 
AN TOOL GROUP 
ELECTRAN COIL WINDING & TRANSFORMER CO. LTD. 


LOUNT WORKS, ASHBY - DE-LA-ZOUCH, LEICESTERSHIRE 'TELEPHONE: ASHBY 422/3 
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NALDERS 


ELECTROSTATIC 
VOLTMETERS 


5 


A. C. or D.C. 


500Vv to IOkv 


KILOVOLTS 
GQ 7 


SELF CONTAINED 


SWITCHBOARD OR 
PORTABLE PATTERN 


Nalders manufacture a wide range of Electrical Measuring Instruments including: 


AMMETERS, VOLTMETERS, WATTMETERS, VECTORMETERS, 
POWER FACTOR METERS, FREQUENCY METERS, 
AUTOMATIC EARTH PROVING SUPPLY SWITCHES, 
BIJOU CIRCUIT BREAKERS, FLAMEPROOF INSTRUMENTS, 
PROTECTIVE RELAYS, SYNCHROSCOPES, etc. 


ENQUIRIES WELCOMED. Please quote REF. [E4C 


DALSTON LANE WORKS, LONDON, E.8 
Telephone: CLIssold 2365 (4 lines) Telegrams: ‘“‘Occlude, Hack, London’”’ 
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Built to the same high standards and with the 
same outstanding performance as the single Graphic Recorder. 


Note the extremely compact space-saving layout. 


Movements—high sensitivity, quick response. 


Pen arms and Pens—capillary action. 
Ink Troughs—almost unspillable. 
Chart Mechanism—withdrawable for changing charts. 


©oooe 


Scaleplate and Carrier. 


Send for further details. 


THE REGORD ELECTRICAL CO. LTD. 


“CIRSCALE WORKS,” BROADHEATH, ALTRINCHAM, CHESHIRE 


€8917-1 
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By designing for Araldite, South Wales Switchgear 
Ltd. have provided adequate protection for this 
D E Ss | G N E D 3-phase voltage transformer without the use of oil. 
The coils and insulators form a single casting of 
Araldite B, simple in design and easy to manufac- 
ture. Araldite casting resins do not shrink on 
setting, and are thereafter unaffected by very wide 
changes of temperature and humidity. Their 
properties also include remarkable adhesion to 
metals, ceramics, etc., high mechanical strength, 


TO USE 


ARALDITE 


freedom from chemical action and excellent 
dielectric properties. 


— 


Araldite epoxy resins are used 


@ for casting high grade solid insulation 


@ for impregnating, potting and sealing electrical 


Araldite Bias 


@ for producing patterns, models, jigs and tools 


Araldite is a registered trade name @ as fillers for sheet metal k 
al wor 


@ as protective coatings for metals, wood and 


ceramic surfaces 


May we send you further details? 


@ for bonding metals, ceramics etc. 


CIBA (A.R.L.) LIMITED Duxford, Cambridge - Telephone : Sawston 2121 


AP 664 


os = 
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The rising structure of the new Kariba 
Dam on the Zambezi River indicates the 
immensity of this undertaking which will 
eventually result in the routing of electric 
power at 330 000 volts to the ‘copper belt’ 
towns of Northern Rhodesia and the major 
cities of Southern Rhodesia. 


S.T.C. are supplying and installing equip- 
ment which will control and supervise 
transmission lines involving a total length 
of 935 miles. This will include Voice 
Frequency Telegraph equipment, Remote 
Control and Remote Indication equip- 
ment, Remote Metering equipment, Tele- 
printer equipment, Photo-facsimile 
equipment and Telecommunication equip- 
ment. Power Line Carrier equipment is 
also being installed by S.T.C. whose un- 
equalled experience in Remote Control and 
Indication Systems, a deciding factor in 
the award of the Kariba contract, is 
available to Electricity Undertakings all 
over the world. Ask to see the Company’s 
specialist engineers at the planning stage. 


§.7.€6. Telecommunication & 

Control Systems for the 

Kariba Hydro-Electric 
Project 


Standard Telephones and Cables Limited 


Registered Office : Connaught House, Aldwych, London, W.C.2 


ELECTRONIC 
SYSTEMS 
GROUP 


TELEPHONE DIVISION: OAKLEIGH ROAD - NEW SOUTHGATE - LONDON N. 
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High Frequency Stability and Low Noise 


FERRANTI REFLEX KLYSTRON VA-201B 


A rugged local oscillator for airborne applications 


SPECIAL 
FEATURES 


@ Rugged construction, will 
withstand shocks of over 
250G. 


@ Single screw tuner requiring 


no locknuts. 
@ Small size. 


@ Low vibration FM character- 
istics. 


@ Low temperature coefficient. 


@ Rapid warm-up. with neglig- 
ible frequency drift. 


RATINGS AND CHARACTERISTICS 


Heater Voltage. . . 4. 63+ 10%2volts 
Heater Current... (8 (isda: 
Frequency Range . . . 8,500-9,600Mcs. 
Resonator Voltage . . . 350 volts max. 
Resonator Current. . . 55 mA max. 
Reflector Voltage . . . 0to—500 volts 


Manufactured under licence from Varian Associates, U.S.A. 


FERRANTI LTD * GEM MILL * CHADDERTON * OLDHAM ~« LANCASHIRE 
Telephone: MAIn 666] 


LONDON OFFICE: KERN HOUSE, 36 KINGSWAY, W.C.2. Tel: TEMple Bar 6666 
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REENAIN 


CLOSED CIRCUIT 


AIR 
OOLER 


Lengthy experience in practical design 
Wide variety of ducting and damper layouts 
Highly efficient cooling surfaces 
Heavy and robust construction 
Special attention to ease of access and maintenance 


EENAN & FROUDE LIMITED 8 WORCESTER e ENGLAND 
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the homes fund 


‘The Chesters’, at New Malden, Surrey, 

is a residential estate for members of The Institution or their 

dependants whose needs have come to the notice of the 
Court of Governors of the Benevolent Fund. 

Funds are still needed to complete the original scheme of 26 


residences. 


* CONTRIBUTIONS HOWEVER SMALL ARE WELCOMED AND MAY 
BE SENT TO THE HON. SECRETARY OF THE INCORPORATED 
BENEVOLENT FUND, THE INSTITUTION OF ELECTRICAL 
ENGINEERS, SAVOY PLACE, LONDON, W.C.2, OR HANDED TO 

ONE OF THE LOCAL HON. TREASURERS OF THE FUND. 
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sett OG re me 


pressed-tank 
pole-mounting 
transformer 


Continuing their leadership and experience in wound-core rural distribution 
transformers ‘ENGLISH ELECTRIC’ announce a new 5 kVA rural transformer. 

The construction of this latest transformer incorporates a tank made from two 
robust steel pressings welded together to form a completely sealed transformer. 


@ All bushing gaskets under oil. @ Incorporates well established F 
@ Breather fitted if required. ‘ENGLISH ELECTRIC’ low loss a 
@ Smooth external contours. transformer using uncut wound 


core. os 


For details write to: 


The English Electric Company Limited, Transformer Sales & Contracts Section, 
East Lancashire Road, Liverpool, 10. 


ENGLISH ELECTRIC 


, AW il | ms 


Tue ENGLISH ELECTRIC Company LIMITED, MARCONI House, STRAND, LONDON, W.C.2 


Transformer Department, East Lancashire Road, Liverpool 10 
STAFFORD $ PRESTON * RUGBY G BRADFORD : LIVERPOOL * ACCRINGTON 


WORKS: 
TFL4I 
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EMISSION PER 1000 GRAINS EMISSION PER 1609 GRAINS 
SIMON-CARVES PRECIPITATORS La tia Tees 
AT C.E.6.B. POWER STATIONS UNDER GUARANTEE DURING TESTS 
HUNCOAT Ribs, Lavine 20 Grains 
HUNCOAT No. - 


CHADDERTON ‘B’ NO. 2... ceeesennesl 


: CHADDERTON ‘B’ No. 
FLEETWOOD No. § 
FLEETWOOD Note See ees 


HACKNEY ‘B’ INO \s)) Dieienasansaneroeve 


ROGERSTONE No. 2... eceeeee 
1000 GRAINS IN PREGIPITATOR Based on results achieved at M.C.R. load 


under official acceptance test conditions. 
* Awaiting confirmation. 


HIGH EFFICIENCY ELECTRO-PRECIPITATION BY Simon-Carves Ltd ey 


STOCK PORT, ENGLAND i 


OVERSEAS COMPANIES | Simon-Carves (Africa) (Pty) Ltd: Johannesburg Simon-Carves (Australia) Pty Ltd: Botany, N.S.W. 
SC 199/PS 


FOR LONG SERVICE 
UNDER ARDUOUS CONDITIONS 


THREE ALL ISOLATING FLUSH 
FRONTED CUBICLE FUSE 
SWITCH AND MOTOR CONTROL 
BOARDS. INSTALLED ON AN 
OIL DRILLING PLATFORM FOR 
OFF-SHORE OPERATIONS NEAR 
BRUNEI, BORNEO. 


PATENT No. 783957 


ELECTRO MECHANICAL MFG. CO. LTD. 


ey et oe Switchgear Head Office and Works: MARLBOROUGH STREET, SCARBOROUGH. Telephone: SCARBOROUGH 2715-6 
. 'e . hy 
3 London Office and Showroom: GRAND BUILDINGS, TRAFALGAR SQUARE, W.C.2. Telephone: Whitehall 3530 
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BoOLrTroan’s 


Tie RT ON 


HOLLOW 
COPPER 
CONDUCTORS 


for rotor and stator windings of 
direct-cooled alternators and 
other electrical equipment. 
Made from H.C., 
‘“‘Combarloy’’, and 
other  silver-bearing 
h.c. copper. 


av0M4. 


BOLTON 


Your enquiries are wo 


invited, and the 
services of our 
Technical Staff 
are at your 
disposal. 


Established 1783 


‘THOMAS BOLTON & SONS LTD 


Head Office: Mersey Copper Works, Widnes, Lancs. Tel. Widnes 2022 

London Office and Export Sales Dept.: 168 Regent Street, W.1. Telephone: 

REGent 6427. WORKS: STAFFORDSHIRE: Froghall and Oakamoor, 

Stoke-on-Trent. LANCASHIRE: Mersey Copper Works, Widnes; Sutton 
Rolling Mills, St. Helens. 
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Many cables are made 
to specification but it is 
by their attention to the 
unspecified details that 
Aberdare’s reputation 
has been built. 


Uberdare Cables 


Paper insulated cables up to 33kV, to BSS or special requirements. 


ABERDARE CABLES LIMITED 
ABERDARE + GLAMORGAN + SOUTH WALES 


London Office: NINETEEN WOBURN PLACE, W.C.1 


Aberdare Cables are represented in over 40 different territories. 
Names and addresses of agents sent on application. 
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TRANSFORMER OIL 


Dussek Bros. are the distributors of “‘Lobitol” Trans- 
former Oil for Lobitos Oilfields Ltd., the pioneer 
producers of transformer oil in Great Britain. ‘‘Lobitol” 
quality complies in full measure with B.S. requirements 
and satisfies those of many foreign countries. Quality 
control guards ‘“‘Lobitol’”’ from the oil wells to 
transformer installations wherever 
they may be. 


You can depend on 
Dussek 


Please write to Advisory Dept. P.E.3. 


DUSSEK BROTHERS & CO.,LTD. 


THAMES ROAD, CRAYFORD KENT 
Telephone: CRAYFORD 22322 


ZENITH 


Transformers 


Iron-clad shell typ 
transformers in rat 
ings from 5 VA yy 
to 5 KVA, designe: 
and tested to B.S.S 
171/36. 
facture sizes up te 
35 kVA. both oil and ai 


cooled, single or three phas 


The ZENITH ELECTRIC CO. Ltd. 


ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREE} 
LONDON, N.W.2 
Telephone: WiLlesden 6581-5 Telegrams: Voltaohm, Norphone, Londo 
MANUFACTURERS OF ELECTRICAL EQUIPMENT 
INCLUDING RADIO AND TELEVISION COMPONENTS 


We manu 
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Strength without muscles! 


for their latest Fork-lift Truck 
Lansing Bagnall chose 


for compactness 
Small size is very important in this application. The 
new GEX 541 rectifier stack gives maximum rectified 
power per unit volume. 


for lightness 

Germanium Rectifiers are the lightest type of rectifier 
available for most applications. The GEX 541 weighs 
only 10% of the equivalent conventional rectifier. 


for efficiency 

Like all germanium rectifiers in the G.E.C. range, the 
GEX 541 offers low forward resistance and correspond- 
ing increases in efficiency and regulation. 


THE BASIC GEX 541 is a germanium 
junction diode. Single units are available for such 
applications as DC blocking and gating. Complete 
rectifier stacks can be supplied, finned or unfinned, 
suitable for currents up to 160 amps. or D.C. output 
voltage of up to 900 volts. 


For Data Sheets 
and further information 
please write to the 
Semiconductor Division 


G.E.C. Semiconductor Division 

School St., Hazel Grove, Stockport, Cheshire 
Telephone: Stepping Hill 3811 

or for London Area ring Temple Bar 8000, Ext. 10 
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N O W-ssKv 


PACKAGED SUBSTATIONS . 
with built-in 
control rooms 


Photos by courtesy of the South Western Electricity Board 


This 10-panel outdoor metal-clad switchboard for LOWER COSTS—SPEEDIER ERECTION 

the Grid sub-station at Exeter has been supplied by his is a new development in packaged sub- 
South Wales Switchgear Limited for the South station design, making even greater savings in 
Western Electricity Board. Its ‘built-in’ control area space possible, together with further reductions 
is completely contained under the busbar cross- in cost by reducing civil engineering work and 
over chamber within the run of the switchboard. speeding erection. 


SWS now manufacture combined 11/33 kV packaged sub-stations, 
33 kV ring main and 33 kV duplicate busbar packaged sub-stations 
and various types of sub-station to meet special requirements. 


“ 
SOUTH WALES SWITCHGEAR LIMITED 
BLACKWOOD : MONMOUTHSHIRE . WORKS AT TREFOREST AND BLACKWOOD 
SWITCHGEAR + SWITCHFUSEGEAR * TRANSFORMERS - CONTROL BOARDS 
a TGAG25 
LAMINATIONS 


of all types, in all sizes and in 
all grades of material 


FERROSIL 


hot rolled and cold-reduced elec- 
trical sheet and strip, and hot 
rolled transformer sheet 


ALPHASIL 


cold-reduced oriented .. 
transformer sheet and strip 


Magnet wheel of a G.E.C. 62,500 kVA hydro- 
alternator for Aura Kraftanlegg, Norway. 


RICHARD THOMAS & BALDWINS LTD 


LAMINATION WORKS: COOKLEY WORKS, BRIERLEY HILL, STAFFS. 
MIDLAND SECTION OFFICE: WILDEN, STOURPORT-ON-SEVERN, WORCS. 
HEAD OFFICE: 47 PARK STREET, LONDON, W.| 


Our Cookley Works is one of the largest in Europe specializing in the manufacture of laminations for the electrical industry. 


— 


The basic advantages of Xenon thy- 
ratrons are enhanced in the Mullard 
XRI1-6400A and XRI-I2 by a new 
type of construction which provides 
improved electrical and mechanical 
performance. 

The XRI-I2 will continuously 
control currents of up to 12 amps, 
while the maximum capacity of the 
XRI-6400A is 6.4 amps. These two 
valves are rugged and their long life 
is backed by a year’s guarantee. 


XR1-6400A 


XRI-12 


Mullard Limited 
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New Disc-Seal 
construction gives 
these positive 


advantages 


High hold-off voltage 
Freedom from are-back 


Ruggedness 


OR LR ae 


Long life 
* A year’s guarantee 


Their heating-up time is only one 
minute and they will operate effi- 
ciently over a wide range of ambient 
temperatures. 

Both types can be employed with 
confidence in a variety of power 


control applications including direct - 


welding control, lighting control, 
motor control, electronic switches 
and regulated power supplies. 
Write to the address below for 
full data. 


P.LV. | ik (pk) | ik (av. 
max. max. 


(kv) (A) 


) Heating-up 


Mullard House: Torrington Place-London W.C.I Tel. LANgham 6633 
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6 and 12 amp 
Xenon Triode 


Thyratrons 


XRI-6400A 
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FOR A LIFETIME OF PROTECTION 


Looking into it—there is a 
simple way of ensuring a lasting 
and permanent Electrical Instal- 
lation. Use METALLIC Conduit 
Tubes and Fittings. 
METALLIC finishes provide cone 
plete protection against corrosion, 
and constant accuracy of manu- 
facture ensures easier installation 
and maintenance. METALLIC 
is the sound choice for all 
Electrical Installations. 


WET A | | / CONDUIT TUBES 
©) courans & FITTINGS 
THE METALLIC SEAMLESS TUBE CO. LTD., LUDGATE HILL, BIRMINGHAM 3 
ALSO AT LONDON, NEWCASTLE-ON-TYNE, LEEDS, SWANSEA & GLASGOW 


THE JOURNAL. OF 


The British 
Nuclear Energy Conference 


The Institution of Civil Engineers The Institution of Mechanical Engineers 
The Institution of Electrical Engineers The Institute of Physics 
The Institution of Chemical Engineers The Institute of Metals 
The Iron and Steel Institute The Institute of Fuel 


The Joint Panel on Nuclear Marine Propulsion 
os Q = 


PUBLISHED JANUARY, APRIL, JULY, OCTOBER 


The Journal contains papers and discussions on the applications 
of nuclear energy and ancillary subjects 


ANNUAL SUBSCRIPTIONS: 
MEMBERS 30/- post free 
NON-MEMBERS 60/- post free 


Full particulars are available from 


The Secretary * B.N.E.C. * 1-7 Great George Street * London « SW1 
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HEAT EXCHANGE EQUIPMENT 


Two Serck O.F.B. Type 
Transformer Oil Cool- 
ers mounted on a Par- 
sons 45 MVA, 3 phase, 
132 KV Transformer for 
the Central Electricity 
Generating Board, 


SR/E2 


for the Electrical Industry 


Transformer Oil Coolers (Oil and Water Cooled). 
Air to Air Coolers for Transformers. 
Water Cooled Air Coolers for Alternators and Motors. 


Air to Air Coolers for Motors. 


+ + + F 


Hydrogen Coolers for Alternators. 


¢, SERCK RADIATORS LTD ° WARWICK ROAD -« BIRMINGHAM 11 
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High Voltage Capacitors 


Behind every TMC Capacitor are the skills and resources of an 
organisation justly proud of its close association with leading 
groups in every branch of electrical engineering. It is 
one of the results of this collaboration that we see the 
widespread use of TMC High Voltage Capacitcrs on 
pulse-forming networks and delay lines for radar 
where their special features of LOW INDUCTANCE 
and MINIMUM DIMENSIONS are particularly 
valuable. 


Other applications: 
* H.V. SMOOTHING CIRCUITS 
* X-RAY APPARATUS 


* IMPULSE 
GENERATORS 


* ENERGY 
STORAGE 


We shall welcome your enquiries whatever your requirements 
are in the H.V. field; a.c. d.e.: or pulse applications, 


HIGH VOLTAGE CAPACITORS 


TELEPHONE MANUFACTURING COMPANY LIMITED 
Components Division - Cray Works - Sevenoaks Way 
Orpington - Kent Tel: Orpington 26611 


INDEX 


Firm 
Airmec Ltd. 
Aberdare Cables Ltd. 
Aluminium Wire & Cable Co. Ltd. 
Arrow Electric Switches Ltd. 


Babcock and Wilcox Ltd. 
British Thomson-Houston Co. Ltd. 
Brookhirst Switchgear Ltd. 


Cable Makers Association 
Chamberlain and Hookham Ltd. 
Ciba (A.R.L.) Ltd. 


Dewhurst and Partners Ltd. 
Donovan Electrical Co. Ltd. 
_ Dussek Brothers & Co. Ltd. 


-Electran Coil Winding & Transformer Co. Ltd. 
Electro Mechanical Mnfg. Co. Ltd. 
English Electric Company Ltd. 


Ferguson Pailin Ltd. 
_ Ferranti Ltd. 


General Electric Co. Ltd. (Erith Witton Turbo) 
General Electric Co. Ltd. (Semi-Conductors) 
General Electric Co. Ltd. (Telecommunications) 
W. T. Glover & Co. Ltd. 

E. Green & Son Ltd. 


Hackbridge & Hewittic Elec. Co. Ltd. 
Heenan & Froude Ltd. 
W. T. Henley’s Telegraph Works Co. Ltd. 


International Combustion Ltd. 
Isopad Ltd. 


Laurence, Scott & Electromotors Ltd. 


And here are some of the MAIN reasons why coe 
Isolating switch, mechanically interlocked with lid (but interlock smn 
be, if necessary, “‘defeated” for test and inspection) and thus normally, 


when the lid is open, live parts are shielded. 


The use of a starter with combined interlocked isolating switch, 


OMY. The latter because one piece of 
Tena an ada ean with consequent reduced installation 


apparatus instead of two is use 
costs. 


Other SUPPLEMENTARY reasons why this starter will meet with 


your approval are:— 


page 


XX1V 


ii & iii 


Contactor starter interior, chassis mounted, and easily changed. 


Thermal overload heaters for contactor starter, 


to suit different 


THE SIZE ‘0° 


DONOVAN A.C. DIRECT-ON-LINE 


CONTACTOR STARTER 


WITH INTERLOCKED LOAD-BREAKING 
ISOLATING SWITCH 


wit meet with your approval | 
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Firm 
Lodge-Cottrell Ltd. 
Lodge Plugs Ltd. 


M. and C. Switchgear Ltd. 

Mersey. Cable Works Ltd. 
Metaducts Ltd. 

Metallic Seamless Tube Co. Ltd. 
Metropolitan Vickers Elec. Co. Ltd. 
Mullard Ltd. (Valves) 


Nalder Bros. & Thompson Ltd. 


C. A. Parsons & Co. Ltd. 
Pye Telecommunications Ltd. 


Record Electrical Co. Ltd. 

A. Reyrolle & Co. Ltd. 

Richard Johnson & Nephew Ltd. 
Richard Thomas & Baldwins Ltd. 


Serck Radiators Ltd. 

Simon-Carves Ltd. 

South Wales Switchgear Ltd. 

Spiral Tube & Components Co. Ltd. 


’ Standard Telephones and Cables Ltd. 


Sterling Varnish Co. Ltd. 
Sturtevant Engineering Co. Ltd. 


Taylor Tunnicliff & Co. Ltd. 
Telephone Manufacturing Co. Ltd. 
Thomas Bolton & Sons Ltd. 


Wakefield-Dick Industrial Oils Ltd. 
G. and J. Weir Ltd. 
Westinghouse Brake and Signal Co. Ltd. 


Zenith Electric Co. Ltd. 


horse powers, easily fitted. Isolating switch (load breaking type) will 
switch up to eight times current of maximum full load H.P., at power 
factors between .2 to .3. Switch is chassis mounted and can be pad- 
locked On or Off. The sheet steel case, bonderised before painting and 
stoving, has a “‘lift-off” lid for easy access and can be padlocked closed. 
Lid fitted with neoprene gasket. 

Dimensions and rating data etc:— 

Box size only 113” x 7” x 43”. Rating5 h.p.-400/550v. 3ph. Starters 
can be supplied with Start-Stop pushes in lid, or Overload reset button 
only in lid, or with switch for ‘‘Auto-Off-Hand”’ control. Whole 
assembly complies with B.S. 587, Contactor with B.S. 775, and Isolating 
switch with B.S, 61. 

ATTRACTIVELY DESIGNED AND FINISHED 


GLASGOW DEPOT: 22 PITT ST., €.2 


page 


iv 


XXiV 


THE DONOVAN ELECTRICAL CO : LTD - 70-81 GRANVILLE ST., BIRMINGHAM | 


LONDON DEPOT: 149-151 YORK WAY, N.7 
Sales Engineers available in LONDON, BIRMINGHAM, MANCHESTER, GLASGOW, BELFAST, BOURNEMOUTH 
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LEVER BROS. PORT SUNLIGHT LIMITED 
MERSEYSIDE POWER STATION 
SWITCHGEAR BY REYROLLE 


The illustrations show the main 11-kV 350-MVA 
oil-break metalclad switchgear and main control- 
board, supplied by Reyrolle, in the new Merseyside 
Power Station of Lever Bros. Port Sunlight Limited 


Reyroile 


A. Reyrolle & Company Limited - Hebburn - County Durham - England 


Be Institution is not, as a body, responsible for the opinions expressed by individual authors or speakers. 
n example of the preferred form of bibliographical references will be found beneath the list of contents. 
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SUMMARY 


The paper describes some of the special electrical requirements and 
problems at the various factories of the Industrial Group of the 
United Kingdom Atomic Energy Authority. It deals with the three 
main groups of the Authority’s activities, i.e. chemical plants, diffusion 
plant and nuclear reactors. 

The need for a high standard of cleanliness and ventilation every- 
where, but particularly in chemical plants, the maintenance of cooling 
systems and safety circuits for reactors, and some of the special 
electrical supply problems for diffusion plants are discussed. 

The authority’s general policy on standardization, electrical safety, 
etc., is stated in the general section of the paper. 


(1) INTRODUCTION 

In the early days of atomic energy there was little knowledge 
of the electrical requirements, and the early power provisions 
were based largely on the experience of heavy chemical factory 
installations which seemed at that time to approximate most 
closely to the works envisaged. 

The urgent nature of the projects and the need to rebuild and 
equip existing war-time factories further added to the problem. 
With the goodwill and assistance of the electrical manufacturing 
industry, the Central Electricity Authority and the Area Boards, 
the target dates were maintained and the early installations put 
to work, these early installations being a chemical factory at 
Springfields, near Preston, and chemical and reactor installations 
at Windscale in Cumberland. Later came the electrification of 
the diffusion plant at Capenhurst, with its high electrical loading 
and special supply problems. History was made with the putting 
to work in October, 1956, of the first full-sized atomic power 
station at Calder Hall. 

Extensive work is still being undertaken on all the projects 
mentioned, together with the additional power-station project 
at Chapelcross in Dumfriesshire and fast-reactor and chemical- 
plant project at Dounreay in Caithness, Scotland, and it is the 


Mr. Binns and Mr. Outram are with the Industrial Group of the United Kingdom 
Atomic Energy Authority. 
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purpose of the paper to give a brief description of some of the 
special electrical requirements of these various projects. 


(2) CHEMICAL PLANTS 
(2.1) Outline of Processes and Special Requirements 


The three chemical factories operated by the Authority have 
widely differing functions, but possess the common need for 
absolute cleanliness and efficient ventilation of all buildings. 
This is necessary to ensure a pure product as well as in the health 
interest of the workers. Where necessary, automatic-starting 
Diesel generators or fan drives provide an assured supply for 
important ventilation. 

Springfields, which processes the uranium ore to the finished 
canned metal rods, has both wet and dry processing. The 
hazards here are not radioactive so much as the risk of ingestion 
of uranium dusts, etc. The process requires mills, pumps, com- 
pressors, stirrers, etc., in the early stages, and furnaces, hf. 
vacuum casting equipment, heat treatment and machining later. 
Most of the electric drives are small and fairly standard. 

Windscale, on the other hand, processes the radioactive 
uranium slugs from the Calder Hall reactors in the separation 
of plutonium, and has buildings which are heavily shielded with 
concrete; so far as possible, all electric drives and control 
equipment are outside the concrete shield. 

The latest chemical plant developments are at Dounreay, 
where fabricating of actively enriched fuel elements takes place. 
Here glove-box technique in its latest and most highly developed 
form is employed. This is discussed in detail in later Sections. 

In all chemical plants the process areas are clearly defined, 
and persons working within these areas must wear special pro- 
tective clothing. Electrical installation equipment such as main 
switchboards are as far as possible kept outside these areas. 
One useful feature worked into the Dounreay design is a service 
corridor running across the buildings in the roof space. Here 
is accommodated a large part of the electrical distribution 
equipment, which, being housed in a non-contact area, greatly 
facilitates maintenance (Fig. 1). The overall diversity factor on 
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VENTILATION EXTRACT 
DUCT \ 


| WATER MAINS AND \ 
CHEMICAL SERVICE PIPES) |||} 


Fig. 1.—Typical cross-sections at Dounreay. 


(a) Main service corridor, chemical group. 
(b) Building service corridor. 


the electrical system for chemical plants varies slightly according 
to the process, but is generally about 40%. 


(2.2) Electrical Equipment for Uranium Rod Production, 
Springfields 

The initial processes for the production of uranium rods 
consist primarily of wet chemical sections using solvents and 
dilute nitric acid; in consequence, efforts are made to house 
the maximum amount of the electrical plant, such as distribution 
equipment and motor starters, separately, cabling in the plant 
area being of conventional rubber-insulated wire-armoured type 
but with an overall serving of p.v.c. In the latter stages of the 
metal refining process considerable power is required in the 
form of heat, either applied within the chemical vessels or in 
resistance furnaces. The refined metal is cast into rods using 
vacuum casting techniques utilizing 1-65kc/s furnaces. There 
are four furnaces served, by individual selection from one 150kW 
motor-generator set per production line. After being cast the 
rods are transported to machining and heat-treatment plant, 
the latter consisting of a B-quench at 10kc/s heating followed 
by a water quench, three heating coils being supplied simul- 
taneously from a 150kW 10kc/s generator. After the B-quench, 
a-annealing is carried out in 80kW vertical resistance furnaces. 
Rods are then canned in various metals, dependent on their 
ultimate destiny. Among other problems involved, a special 
automatic argon-arc welding equipment has had to be developed 
for the welding of the end caps and for incorporation in 
production lines. 


(2.3) Glove-Box Technique for handling Enriched Fuel Elements 
at Dounreay Chemical Plant 


For the purpose of fabricating enriched fuel elements, the 
whole process of casting, machining and assembly is housed in 
glove boxes (Fig. 2) containing electric furnaces, lathes, polishers 


Fig. 2.—Glove box in machining section, fast-reactor element plant, 
Dounreay. 


and drills. Lighting is usually by fluorescent tubes mounted 
above the boxes, the boxes having Perspex inserts in the top. 

A trolley conveyor system for transferring material runs 
nearly the full length under the boxes. Locked electrical controls 
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are provided, so that the supervisor can control the position of 
the materials. An electrical indicating system to show the 
location of active material in the line is also provided to permit 
a close check on the criticality condition to be maintained. The 
glove boxes are under a slight vacuum to prevent escape of 
activity. All electrical connections to the boxes must thus be 
pressure sealed where they pass into the box. 

Where possible, electrical equipment is situated outside the 
_ glove boxes, and, in general, only motors and furnace boxes are 
inside, with their associated wiring. The activity hazard has 
not forced the use of special electrical equipment in the boxes, 
although care has to be taken that such incompatibles as silicone 
greases are not used on equipment within the boxes. If an item 
_ of equipment becomes faulty it is usually replaced, repair often 
being impracticable, owing to contamination. 


_ (2.4) Fuel-Element Examination Caves and their Electrical 
Features, Dounreay Chemical Plant 


Special examination caves (Fig. 3), heavily shielded for the 
examination of irradiated fast-reactor fuel elements, are being 
constructed and contain a representative selection of electrical 
_ features. Basically the cave consists of two long lines in which 
the various operations take place, with a connecting cross-piece 
which contains the decontamination area. Most operations on 
the elements are done under shaliow water. The elements are 
highly active, y-radiation being the main problem. 

The following are the main electrical features: 


(a) General cave lighting within sealed containers arranged so 
that relamping can be done from outside. 

(6) Gantry conveyors within the cave controlled from outside. 

(c) Electrically operated machines and furnaces for working on 
the elements. 

(d) A continuously running battery-operated motor-generator 
set to give a guaranteed supply to items such as lights, conveyors, 
and manipulators to ensure safety in the event of a power failure 
when certain operations are being carried out. 


All electrical equipment within the cave is connected by plugs 
and socket, so that it can be moved within the cave or can be 
taken away and replaced if it becomes faulty. The power 
plugs must be inserted and removed by manipulators. The 
accent in the electrical design has been on ensuring the reliability 
of the electrical equipment within the cave. The electrical con- 
nections into the cave have been arranged_to avoid forming 
radiation paths through the cave walls, cables within the cave 
being of the mineral-insulated copper-sheathed variety. Where 
possible, electrical equipment is kept outside the cave and, in 
general, only motor drives and furnace boxes are inside; these 
are totally enclosed where possible. Fixed and portable tele- 
vision cameras are provided within the cave for viewing elements 
at various stages. 


(3) DIFFUSION PLANT 
(3.1) Special Electrical Supply Requirements and Problems 


The function of the Capenhurst diffusion plant is to separate 
the light isotope of uranium 235, which is normally fissile, from 
the more abundant 238. This involves the use of a gaseous 
diffusion process using a gaseous compound of uranium hexa- 
fluoride. The diffusion process works on the principle that, 
when a gas diffuses through a porous membrane, the lighter 
molecules pass through faster; consequently, the gas on the far 
side of the membrane contains more than its natural proportion 
of light molecules, and can be said to be enriched. If the 
enriched light gas is removed quickly and passed through a 
succession of stage membranes its enrichment can be increased 
considerably. In order to secure maximum enrichment of the 
final product, many membrane stages are connected to form 


a cascade. As the gas progresses through the plant, its 
volume grows less, since the bulk of the original gas was made 
up of heavy molecules. It is therefore possible to reduce the 
size of the pipes and other equipment handling the gas as the 
enrichment increases in the upper part of the plant. 

Each stage is comprised of a membrane to effect separation, 
a compressor to support the pressure drop across the membrane, 
a cooler and control valves, etc. The stages are located in cells 
enclosed with heat insulation and aluminium sheeting. It there- 
fore follows that such a plant has large numbers of compressor 
drives using squirrel-cage induction motors. The power require- 
ment diminishes and speed requirements increase as we progress 
through the plant, but large batches of motors have exactly 
similar characteristics. The whole plant can therefore perform 
like one tremendous induction motor, the proportion of resistive 
load being very small. The motors used for compressor drives 
range from 3-3kV units giving hundreds of horse-power at 
medium speeds, with intermediate and smaller powered motors 
at 415 volts, down to motors of only a few horse-power which 
require a special 250-volt 245 c/s supply from frequency boosters 
and run at slip speed corresponding to 14 700r.p.m. synchronous. 

Many problems have arisen from the corrosive nature of the 
process gas, and sheathed-stator techniques with special bearings 
have been applied for the very small drives; ingenious gland 
seals have been developed by the Authority for use with the 
larger drives. The stages and motor drives are accommodated 
in the process plant in separate cells, and this has given rise to 
cooling problems in some of the medium-sized machines. 
Water jacketing of motors has been employed in difficult cases. 

The cell transformers and switchgear—either air-break circuit- 
breakers or contactor gear—have been arranged in cubicles on 
the first floor of the plant immediately over the cells, for ease 
in running small cables. 

Difficulties were experienced in the early operation of the 
first portion of the plant at Capenhurst, owing to failure of the 
motor drives to recover following quite short-duration faults 
on the 132kV supply system. For example, faults giving the 
loss of one phase for 0:14sec on the 132kV system caused 
serious voltage depression at the terminals of the stage motecrs. 
With restoration of the 132kV supply the motors, which had 
in the meantime slowed down considerably, attempted to take 
heavy currents (approximately thrice full load), and this, owing 


to the impedance of the supply connection, considerably reduced 


the motor terminal voltage. Since the torque in an induction 
motor varies as the square of the terminal voltage, with the 
motor slip increased beyond the point of maximum torque, 
conditions can arise where the motors fail to accelerate and 
ultimately stall. 

In conjunction with the C.E.A., analyser studies were made 
of the complete system, including the 132kV supply. Special 
tests were carried out at the switchgear test plant on a typical 
stage motor and compressor unit, which was subjected to 
various system faults and arranged to simulate the performance 
of the complete factory under similar conditions. The results 
showed the need for firm generation backing with adequate 
Grid supply and greater sectionalization of the existing system. 
The findings were put into practice on both the existing portion 
and later extension, much of which is now in production. 

In view of its importance and its general interest, the whole 
question of this recovery problem is being dealt with in more 
detail in a separate paper. 

Another difficulty on diffusion plants of the magnitude of 
Capenhurst, with electrical loads of hundreds of megawatts, 
is to cater for such large loadings in a comparatively small space. 
The area required to be occupied by switchgear, transformers, 
etc., represents a large proportion of the factory area. It 
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Fig. 3.—Fuel-element examination cave, Dounreay. 
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Fig. 4.—View of pipe-tracing terminations before lagging, showing 
Kumanal cable laced in position. 


CONNAHS QUAY 


therefore follows that the electrical 
equipment and its housing have more 
than the usual influence on the plant 
design as a whole. 132 KV 
SUBSTATIONS 
(3.2) Capenhurst Main Electrical Supply 
and Distribution 


Uranium hexafluoride is highly cor- 
rosive, it can solidify at temperatures 
below 100° F and it reacts readily with 
water to form solid compounds. It 
therefore follows that one of the main 
requirements of an electrical system on 
a diffusion plant is that it should be 
thoroughly reliable. Plant shut-downs, 
besides causing possible damage to 
glands, etc., are extremely costly, owing 
to loss of output. Capenhurst operates 
at 98% load factor; this, together with 
the high cost of uranium 235, means 
that any shut-down or partial shut-down 
is expensive. Special care must be taken 
to maintain process lines up to tem- 
perature at times of such shut-downs, 
etc.; process mains have been specially 
trace-heated using special mineral- 
insulated copper-sheathed heating cable 
(Fig. 4). Owing to the high loading 
of diffusion plants it will be understood 
that standby supply is outside the scope 
of emergency generation. 

To give maximum reliability _the 
Capenhurst electrical load is divided 
into four main sections, A-D, each 
being fed from a power station or a 
section of a station by duplicate 132kV 
overhead lines following separate routes. 
The power stations concerned are firmly 
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backed by the 132kV Grid and the whole is reinforced from the 
Supergrid. The sections are entirely separate after they leave 
the power-station busbars (see Fig. 5). 

The A and B sections feed large 132/11kV transformers and 
main 11 kV substation switchboards, and from there feed 11 kV 
spurs to 1500kVA 11kV/415-volt air-cooled cell transformers. 
Each transformer supplies two cells of the medium-sized stage 
motors. This method of spur feed allows for cell maintenance 
without serious inconvenience or effect on the plant output. 
Being near their load, the natural-air-cooled transformers justify 
the additional cost by savings in efficiency and cable losses. The 
smaller motor drives are fed from a subsidiary substation. 

The C and D sections feed via 1OMVA 132/3-3kV trans- 
formers to main 3:3kV substation switchboards and then again 
along 3:3kV spurs to cell local switchgear which supply the 
larger stage motor drives. 

The supply system is to be equipped with a control centre 
which covers all C.E.A. circuits for control, and brings back 
essential indications from all substations. 


(4) NUCLEAR REACTOR INSTALLATIONS 
(4.1) Special Electrical Requirements 
The main requirement for any reactor is that its coolant 
supply and safety system instrumentation, etc., are available at 
all times; this means that there is definite need for a maintained 
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Fig. 5.—Diagram and equivalent network of main supplies, Capenhurst. 
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electrical supply to meet this purpose either in full or in part. 
Duplicate supplies are therefore provided wherever practical, 
these in turn being backed up by special standby arrangements 
for essential items of plant. Usually such standby is provided 
initially from a battery installation either via floating motor- 
alternator sets for a.c. loads or direct from the battery for d.c. 
loads, the final standby coverage being provided by Diesel 
generators, either a.c. or d.c., and preferably starting-up 
automatically. iter 

In order to ensure reliable operation of these supplies it is 
important that the most straightforward and simple approach 
should be made, in spite of the fact that this does not always 
prove to be the most economic arrangement, particularly in 
relation to running costs. The biggest economies are made by 
careful scrutiny of the necessity for the various items of equip- 
ment to be connected to the essential supplies. 


(4.2) The Original Windscale Reactors 


These reactors are, in effect, a scaled-up revision of an experi- 
mental reactor (Bepo) which was built at Harwell. They use 
natural uranium fuel and are graphite moderated with air as a 
cooling medium at atmospheric pressure. Their function is to 
produce plutonium, which is ultimately obtained by chemical 
separation from the irradiated fuel. 

Each reactor has eight radial-flow centrifugal blowers for 
handling the cooling air, each blower being driven by a 2 600 b.h.p. 
11kV wound-rotor induction motor. The blower units are 
installed in two blower houses, one on either side of the reactor. 
For shut-down duty two small fans are provided on each side of 
the air system to maintain a flow of air through the reactor and 
up the stack. In addition, in the charge area two booster fans, 
one standby to the other, maintain a positive air pressure at the 
charge face for safety purposes. 

The safety requirements for operation of these reactors 
demand that blowers must be operating on both sides of the 
reactor, i.e. air supplied from each side, and one booster fan 
must be in operation. If a booster fails, the standby booster 
must come in automatically. Similarly, if all blowers fail, the 
shut-down fans must start up automatically (see Fig. 6). This 
involves a complicated electrical control and interlock system, 
which may be worked on automatic or step-by-step hand control. 
The control scheme embraces blower oil pumps, standby oil 
pump, damper controls, hydraulic pumps, etc. 

To ensure maintaining the reactors in a safe condition even 
at times of mains failure, a battery of 240-volts 400 Ah capacity 
has been provided to give an instantaneous supply via floating 
motor-alternator sets to the shut-down fans, booster fans and 
essential instruments, control-rod lifting and holding circuits. 
The battery has sufficient capacity to maintain the essential 
load for 30min, until the standby Diesel alternators are run 
up and synchronized (Fig. 7). 


(4.3) Calder Hall Reactors 


The electrical requirements for Calder Hall are dealt with in 
the companion paper by Mackay and Hardwick. 

The Calder Hall reactors produce plutonium and generate 
electricity as a secondary product; they are of the carbon- 
dioxide cooled and graphite moderated design. The large 
blowers, which are normally driven via Ward Leonard sets from 
the station supply, have been fitted with pony motors for shut- 

_down use. Under power-failure conditions these d.c. pony 
motors take their supply from the standby system. 

Following previous experiences on the Windscale reactors, 
it has been possible to effect many design improvements and 
one of these is the standby supply arrangements, which are 


Fig. 6.—Diagrammatic arrangement of air ducts in reactor cooling 
system, Windscale. 
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Fig. 7.—Diagram of essential supplies, Windscale. 


described briefly below. The standby supply is a d.c. system, 
the main switchboard being supplied by a 400kW steel-tank 
rectifier and a 2000Ah lead-acid battery. The d.c. board is 
sectionalized, each section being served by a 500kW automatic- 
starting Diesel generator. Under normal conditions the system 
supplies lubrication and sealing-oil pump drives, instrumentation 
and control-rod machine excitation. Loading under power- 
failure conditions covers pony-motor drives for the main 
blowers, shield cooling fans, lubrication and sealing-oil pumps, 
instrumentation, feed-water pumps, lighting, etc. Instrumenta- 
tion and safety-circuit supplies may be either from the above 
system or from the 415-volt station mains via change-over 
contactors. A 500 millisec delay in the safety-circuit response 
renders it unaffected by mains surges during normal operation 
and allows change-over to take place without interruption. 


(4.4) Dounreay Fast Reactor 


This experimental reactor is designed to develop some 60 MW 
of heat, and its core—which is composed of enriched uranium 235 
fuel elements with a breeding blanket of uranium 238—is housed 
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in a stainless-steel pot. To prevent radiation hazard inside the 
sphere the reactor is contained in a concrete biological shield 
having walls 5 ft thick. 

The reactor outer sphere, which is 135ft in diameter, is of 
mild-steel plate 1-1$in thick; this contains the reactor and its 
coolant equipment, etc., and is capable of withstanding any 
pressure variations which might occur as the result of a liquid- 
metal fire. The heat will be removed by a liquid-sodium cooling 
system, and a series of 12 heat-exchanger circuits comprising 24 
primary and 12 secondary heat-exchangers are being provided. 
The twelve heat-exchanger circuits each have four electromag- 
netic pumps for handling the liquid sodium, two in the primary 
circuit and two in the secondary. This provides 48 electromag- 
‘netic pumps, 24 in the primary circuits, which are located within 
the shield and containment sphere, and 24 in the heat-exchanger 
house external to the sphere. All the electromagnetic pumps are 
in special containers to facilitate removal, and all work in a 
nitrogen atmosphere. 

The primary electromagnetic pumps operate in an ambient 
temperature of approximately 200°C, so that special considera- 
tion had to be given to the insulation of the windings. Two 
alternatives were suggested, namely silicone-impregnated glass 
and asbestos bound with heat-resisting cement. Tests carried 
out on special rigs showed that we might expect a life exceeding 
five years at the stated temperature with 
the silicone-glass insulation. The asbestos 
insulation, being hygroscopic, was discarded _ 
in favour of silicone glass, on the grounds 
that the latter was likely to be more reliable 
on an experimental installation. 

_ The high rate of heat extraction neces- 
sitates a very high degree of reliability in 
the cooling system, which, after calculation, 
fixed a maximum limit of permissible loss to 
one-sixth of the total circulation. This 
governed the design of the electrical supply 
system to the electromagnetic pumps. 

Provision had to be made for the pos- 
sible outage of the sodium pipe circuits, eee 
which at these times must be maintained 
at 150°C; the form of heating supplied, 
however, must be capable of withstanding 
the possible temperature of 300°C which the ~ 
pipes might assume, owing to the reactor 
heat, while in service. 

Various forms of heating were considered, 
e.g. heating tapes and Inconal sheathed 
elements. The final decision to use the 
latter was taken because of the high tem- 
perature and the need for good mechanical 
protection of the elements. The problems 

‘involved in designing this heating were 
complicated by their relative inflexibility, 
and consequently these were largely ‘tailor 
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and the long distance to be traversed, complete failures could not 


-be avoided, even with the expenditure of a considerable sum on 


132kV transmission. It was finally decided to provide Diesel 
alternator sets to cover the load, each electrical circuit covering 
the requirements of one of the 12 heat-exchanger circuits with 
its own 120kW Diesel alternator. The alternator sets are 
arranged in banks of three, with one spare set in each bank, 
making a total of 18 for the main cooling-circuit load (see Fig. 8). 
In addition to the above, six 200kW Diesel alternator sets have 
also been provided to cover the auxiliary essential load. 

The above arrangement allows individual Diesel sets to be 
shut down for maintenance without interfering with the opera- 
tion of the load. The sets are of compact construction and can 
be readily removed for major maintenance and replaced by 
spare units, two of which are held ready at all times for emergency 
use. The engines are 600r.p.m. 2-cycle units, and since they 
have a minimum of moving parts, i.e. no valves, rockers, etc., and 
because their speed is reasonably low, it is expected we shall 
achieve long periods of operation without serious maintenance 
outage; figures of 1000 hours or more are in mind. 

The electromagnetic pump circuits are supplied from the 
415-volt 3-phase busbars via induction regulators. The flow of 
coolant can be varied by variation of the pump voltage; suitable 
interlocks are provided to avoid hydraulic shock, while the 
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made’ to suit the various pipe sections. For 
reliability, duplicate systems of elements 
have been provided on all circuits, and half- 
heat conditions may consequently be pro- 
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The main problem in this isolated part 
of Caithness was reliability of power supply, 
and although the Dounreay factory is 7 
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owing to the terrain, the severe winter weather Fig. 8—Diagram of power supplies for electromagnetic pumps, fast reactor, Dounreay. 


84 BINNS AND OUTRAM: ELECTRIFICATION OF THE U.K.A.E.A. INDUSTRIAL GROUP FACTORIES 


speed of adjustment of the regulators is limited by a gearing 
system and the maximum speed of its driving motor. 

The 415-volt auxiliary essential-load switchboard has a 1 MVA 
Grid connection, and supplies trace heating circuits, lighting 
and power for the Diesel house, sea-water pump house, etc. 

A 240-volt 800Ah battery with rectifier connections to the 
415-volt essential-auxiliary board has been provided. This 
supplies governor control and voltage regulators in the Diesel 
house, emergency lighting and various cooling fan drives. It 
also feeds instrumentation control shut-off and safety-rod drives, 
via motor-alternator sets. 

Control of the neutron flux, and therefore the heat generated 
in the reactor, is effected by moving groups of fuel elements 
into and out of the core, the former movement giving increased 
reactivity. Drives for the rods are by induction motors through 
special transmission and linkage controlled by limit switches. 
Since the motors are required to work in an ambient tem- 
perature of approximately 150°C, they have class-H insulation 
and all cables are mineral insulated with high-temperature seals. 


(5) GENERAL 
(5.1) Main Electrical Supply Requirements for Atomic Energy 
Installations 


The paper has dealt with the special electrical supply needs _ 


of large diffusion plants, and of isolated projects like the 
Dounreay fast reactor. It has not so far dealt with the more 
normal main supply requirements, namely chemical plants and 
new experimental reactors. 

In general, a firm supply at 33kV to meet the load needs 
with a system of ring mains at 11kV around the factory area is 
quite sufficient for chemical plants; experimental reactors, 
however, are a different proposition. Here considerable power 
import will be necessary at times for construction and starting 
up, with later a relatively unpredictable export need. It may 
be desirable in some cases to provide alternative and more 
conventional heat sources so as to maintain steady generation. 

Design policy in connection with the Authority’s substations 
is to provide adequate segregation between e.h.v. and m.v. 
equipment, separation walls between adjacent transformers, and 
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Fig. 9.—Typical substation layout. 


A 15 MW turbo-alternator set is being installed to utilize the 
heat from the heat-exchangers, but this is likely to operate only 
experimentally and intermittently for some time. Owing to the 
isolated location and the long supply lines, special problems of 
stability may arise and limit the amount of power export possible, 
particularly at times of light load in the Thurso area. 


separate remote control points for all switchgear of 150 MVA 
or over (see Fig. 9). 


The provision of adequate space for cables under substations 


either in the form of basements below or above ground is | 


considered essential in all but the smallest substation. Carbon- 
dioxide fire-fighting equipment is applied as appropriate. 
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(5.2) Construction Supply 


Use has been made of small Diesel-alternator installations 
with advantage to cover early needs on a construction site. 
Labour camps, however, are usually situated near some local 
electricity supply point and are fed direct from such a supply. 
The amount of temporary construction electrical supply to 
provide on the site proper is always difficult to assess, but 
experience shows that for sites on disused airfields, employing 
upwards of 2000 men, the maximum demand rarely exceeds 
600 or 700kVA, and one 750kVA transformer with provision 


Cables 


Table 1 


for extension is a reasonable allowance. On reactor sites, how- 
ever, where there are large pressure vessels, the need often 
arises for stress relieving to be carried out by electrical heating 
methods, and this may require anything up to 1-5 MVA of load, 
or more. 

For m.y. distribution, site distribution pillars suitably placed 
or distribution boards in temporary buildings may be used. 
Buried cable in clearly defined areas around the perimeter of 
the working areas is preferred to overhead construction. 

The use of low voltage for portable equipment, either 50 or 


TYPICAL SCHEDULE OF CABLE SIZES FOR MOTORS 


Motor power range for given cable sizes 


Standard squirrel-cage 


Reduced-starting-current 


Number and 
diameter of wire area 


in2 


Cross-section 


From fuse to 


Current capacity Biaitor, 


amp h.p. 


Vulcanized-rubber insulated in conduit 


0-01 


0-03 
0-04 
0-06 


37/-072 


0-0045 
0-007 


0-0225 


regnated-paper insulated 


0-75 
8-12 
13-17 
18-22 
23-30 


31-45 


31-45 

46-60 

61-100 
101-140 


Table 2 


From starter to 
motor 


From fuse to 
starter 


From starter to 
motor 


h.p. 


0-10 
11-17 
18-22 
23-34 
35-40 
41-48 
49-64 


49-60 

61-89 

90-112 
113-162 


163-200 163-200 


ELECTRIC WIRING SYSTEMS WITH TYPE OF APPLICATION IN U.K.A.E.A. INDUSTRIAL GROUP BUILDINGS 


Wiring system 


Remarks 


Type of application in atomic energy factories | 


Heavy-gauge welded-steel conduit, 
with v.r.i. taped and braided cable 


Economical and neat; suitable for 
clean location 


Suitable for surface work in normal ancillary buildings, e.g. 
offices, clean stores, and light and clean industrial buildings 


Heavy-gauge solid-drawn-steel con- 
duit with v.r.i. taped and braided 
cable 


Neat; suitable for flameproof instal- 
lations and normal industrial use 


Rubber-insulated  single-wire- 
armoured and fireproof served 
cable 


Sound insulation with mechanical 
strength; easy to install; suitable 
for most industrial uses 


Suitable for surface or sunk work in all buildings free from 
corrosive fumes and varying temperatures, e.g. reasonably 
clean industrial buildings, workshops, etc., including 
reactor buildings 


Suitable for all industrial installations, excluding those with 
heavy corrosive or explosive conditions, e.g. all normal 
chemical plants; installation above ground only 


Rubber-insulated lead-covered single- 
wire-armoured and fireproof served 
cable 


Mineral - insulated copper - sheathed 
cable 


Extremely neat; withstands high tem- 
perature; suitable for flame-proof 
installation 


Suitable for all industrial installations, including flame-proof 
requirements; may be laid in ground 


Suitable for use in high-temperature conditions, providing 
reasonable precaution is taken to protect from steel and 
corrosive elements, e.g. furnace connections; isotope cell 
units, instrument connection 


Rubber - insulated tough - rubber- 
sheathed cable 


Suitable for acid plants; reasonable 
mechanical strength; flexible 


Suitable for use in acid plants wired on suitable cleats ; 
suitable for trailing cables and on portable electrical 
equipment 


Rubber - insulated _p.v.c. - sheathed 
cable 


Suitable for acid plants; reasonable 
mechanical strength; flexible 


Similar to above, provided that it is kept clear of steam pipes, 
heaters, etc. 
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110 volts, centre-point earthed, is required. The Authority 
standardizes on 50 volts, but this is not insisted upon for con- 
tractors, provided that they follow otherwise accepted good 
practice at 110 volts. 


(5.3) Standardization 


In accordance with the general policy of the Authority, 
reasonable standardization of electrical equipment is adopted 
wherever possible, but not so far as to limit the use that can be 
made of improvements in design. British Standards such as 
those for the frame size for motors of appropriate horse-power 
have a wide general application, but in other cases specific 
standards may be applied to definite projects only. High- 
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Fig. 10.—Method of taking cables into sphere, fast reactor, Dounreay. 


voltage switchgear of the higher ratings is considered a special 
application, and decisions are taken to meet the particular case. 
The rating of some of the heavy-current circuit-breakers is- 
normally limited to 90% full load, on account of the high load 
factor of many of the installations. Where possible, air-break 
circuit-breakers are preferred for 415-volt and 3-3kV duty. 
6:6kV/11kV/415-volt oil-cooled transformers of 750 and 
1000kVA are usual, but natural-air-cooled transformers have 
been used without any trouble up to 1500kVA on diffusion 
plants. 

Mass-impregnated non-bleeding paper-insulated cables are 
preferred, with single-wire armouring and fireproof serving for 
indoor use, although p.v.c. serving is being tried on recent 
installations. E.R.A. cable ratings are normally applied (see 
Tables 1 and 2). 

Conduit, rubber-insulated and armoured cables and mineral- 
insulated cables are used extensively, the latter meeting many 
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Fig. 11.—Triple cable seal for mineral-insulated cables. 


Table 3 


SCHEDULE OF LIGHTING INTENSITIES 


Type of building Section of specified building 


Process General illumination 
Passageways 
Control panels 


Main control rooms 


General 
Balance rooms 
Offices 


Laboratory 


General offices 

Private offices 

Drawing offices: General 
Drawing boards 


Main group offices 


Corridors 
Workshops Erection shops 
Instrument workshops 
Electrical shops 
Substations H.y. and l.v. switch rooms 


Control rooms 
Basements 
Cable passageways 


Boiler houses General 
Passages 
Turbine houses General 


Intensity Remarks 


lumens/ft2 
10 Usually tungsten-filament lamps 


Tubular fluorescent lamps 


20 Usually 5 ft fluorescent lamps 


With appropriate local lighting 


Major substations receive special con- 
sideration 


3 
A Designed to suit layout 


BINNS AND OUTRAM: ELECTRIFICATION OF THE U.K.A.E.A. INDUSTRIAL GROUP FACTORIES 


Trequirements on diffusion plants and reactor installations where 
ambient temperatures may reach 55°C. Mineral-insulated 
copper-sheathed cables lend themselves to the efficient sealing 
arrangements which are necessary where cables pass through 
pressure vessels (see Figs. 10 and 11). 


(5.4) Internal and External Lighting 


Internal lighting is based for intensity on a standard derived 
from the LE.S. code. The requirements are, however, many 
and varied, so that each case is usually considered on its own 
merits (see Table 3). A standard range of lighting fittings is 
maintained, but many of the plants occasionally require special 
treatment, e.g. special fittings for flush ceiling fitting, suitable 
for relamping from above the ceiling. 

__ In hydrogen plants, special pressurized fittings have been 
developed and used. Pressure switches are provided, and loss 
of positive pressure in the conduit trips and locks out the lighting 
supply. 

Both tungsten-filament and fluorescent lamps are employed, 
the latter usually in office or laboratory buildings. 

For road lighting a standard high-pressure mercury-vapour 
fitting on reinforced-concrete standards is used. Three standards 
of illumination are available, A, B and C, generally 0-1 and 
0-05 ft-candle, or for lighting at road junctions and intersec- 
tions only. 

When planning an installation, account is taken of light from 
adjacent process buildings which are normally in use throughout 
the day, and economies in lighting standards can be effected. 


(5.5) Portable Equipment and Electrical Safety 


The Authority have their own electrical safety regulations, 
which are intended to supplement the existing statutory regu- 
lations. These are posted in all Authority substations and 
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similar places. These regulations acknowledge the special dangers 
which can exist in the use of portable electrical equipment, and 
give firm guidance on the periodic testing and servicing of such 
equipment. 
' After careful consideration of the practice of other large 
industrial users, a decision was taken for the Authority to adopt 
as far as possible 50 volts as a standard for portable tools and 
25 volts for portable handleads. If the majority of the smaller 
personal tools, like drills, soldering irons, etc., are supplied at 
this voltage from transformers with an earthed-centre-point 
secondary, very little danger can exist. 

In fixed positions double-wound 1kVA transformers with an 
earthed screen between windings are usual. 
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DISCUSSION BEFORE A MEETING OF THE UTILIZATION SECTION HELD IN CONJUNCTION 
WITH THE BRITISH NUCLEAR ENERGY CONFERENCE, 13TH NOVEMBER, 1958 


Mr. D. B. Hogg: The real background to the paper is all the 
research that is done in the heavy chemical industry, and more 
research has been done and is done in each year in this industry 
than in any other single unit outside Government circles in this 
country. An immense amount of thought is put into all kinds 
of things for engineers and by engineers, and even electrical 
engineers reap the benefit of it. In reading the paper I found it 
difficult to find anything to get one’s teeth into. The only 
difference between the plants described and any other plant in 
the heavy chemical industry is the effect of radiation. Here 
there seems to be an enormous blanket of secrecy imposed by 
the Government—whether necessary or not I do not know— 
which obviously hamstrung the authors and which makes it a 
very difficult paper to discuss. 

I should like to enlarge for a moment on the aspect which the 
authors emphasized so much, namely how different the Atomic 
Energy Authority’s work is from the chemical industry, because 
I think they are quite wrong. First, they-are manufacturing very 
few products, and apart from the radiation risk and the effects 
of radiation on engineering materials which are extremely 
important, the other problems of corrosion, high temperature 
and pressure are far less than are found in many other of the 
heavy chemical industries.. Many of these work with pressures 
of 1500 atmospheres, temperatures down to —90°C, high 
vacuum and temperatures far higher than are used in atomic 
energy at present. The research which has been done on all 
this has been freely handed on for the use of the Authority. 

Fig. 3 shows some lighting which goes through the shield, 


and I should like to know how this was done. The illustration 
suggests that they might have used the trick of putting large 
Perspex rods through and shining the light through the rods to 
spread out the other side. Have they done this, or is some 
other method used? 

I should like to know the power at Capenhurst, if it is not 
a secret; the figures given suggest that it is about 300 MW. 

I was very interested in the problem of continuous power 
supply and the authors’ mention of the failure of motor drives 
if there is a temporary failure of power supply or a voltage drop. 
We face this in the chemical industry, because our processes are 
also continuous. If the motors stop we, too, suffer from enor- 
mous loss of money and output, and sometimes the plant 
solidifies and will need weeks of effort to dig out the vessels and 
pipes. In my experience, we never had any bother with the 
motors failing to run up again if the power came back quickly, 
provided that the starter had not opened on low voltage. We 
have minimized this in several ways. The most popular is to 
fit d.c. coils to a.c. starters, since these hold in on much lower 
voltages. 

From Tables 1 and 2, I was amazed to discover that conduit 
wiring systems are still in use, for I can find no economic justifica- 
tion for it. It costs more than any other common system; it 
suffers from internal condensation, even in a dry building, and 
the conduit slowly corrodes inside and leaves a nasty mess. 
Also in Table 2, I could not see any reference to paper-insulated 
cables, and I am therefore wondering whether the U.K.A.E.A. 
do not include their distribution system as wiring. 
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Mr. W. Fordham Cooper: The paper gives a clear description 
of the application of standard electrical engineering practice to 
a new type of manufacture and there is very little which can be 
criticized, since most of the methods described have been tried 
out and established elsewhere. I feel, however, that on the 
control side there must be a good deal of specialized equipment 
on which a further paper would be of very considerable interest. 
The following are a number of matters on which the authors 
may be able to give further information: 

Electric motors and other equipment withdrawn from “danger’ 
areas will no doubt be contaminated. How are they marked for 
identification, and what steps are taken to ensure that they are 
not used in circumstances where they would constitute a risk to 
health? Are any special records kept of equipment for this 
purpose? 

It seems that, on account of the close integration of the 
electrical equipment in the diffusion plant, any system instability, 
even of short duration, may cause a partial shut-down. Since 
system failure or instability cannot be absolutely prevented, 
even though it may be rendered improbable, is such a shut- 
down dangerous, i.e. does the whole system fail to safety or 
danger, and what steps are taken to deal with the trouble? 

I endorse the principle that means of ensuring reliability 
should be straightforward and as simple as possible. Circuits 
should be so arranged that troubles on supplies of secondary 
importance cannot jeopardize supplies to vital services. It is 
also important to arrange matters so that trouble in one direction 
will not divert attention from equally or more important matters, 
and monitoring of the controls or safety devices is often desirable. 
An example from another field was the explosive failure of a 
unit transformer in a power station; while attention was directed 
to the ensuing fire, the consequent voltage surge on the station 
auxiliary circuits tripped the circulating-water pumps on low 
voltage, and the back-pressure in the turbine condenser 
built up until it exploded. The atmospheric valve had failed to 
lift. 

Some indication of the arrangements for safe working would 
be of interest. Long experience in the supply industry has 
shown that, where men have to be watched to see that they do 
not get into danger, this should not be done by the person in 
charge of the work, otherwise his attention will be divided; on 
the other hand, the job of the safety man should not be made so 
dull that he becomes bored. 

Liquid sodium is highly reactive and is a grave fire risk if it 
leaks. What steps are taken to deal with this situation? The 
usual fire-extinguishing media cannot be used. There is also 
the problem of contamination. 

Another associated matter which is not covered by the paper 
is the steps which are taken to deal with the thermal output of 
the reactor if the electrical output from the generators is suddenly 
interrupted. It would appear to be more difficult than at a 
conventional power station. 

Mr. H. Leyburn: The theme which recurs throughout the 
paper is reliability and continuity of supply. There are two 
main problems. One is at Capenhurst (Fig. 5), where there 
are many asynchronous motors of varying sizes to which supply 
has to be ensured. The load is so large that the provision of 
local standby plant is out of the question. The second problem, 
at Windscale and Dounreay (Figs. 7 and 8), arises where there 
are a large number of small essential auxiliaries which have to 
be kept running without fail; the load is relatively small and 
local standby plant can be provided. 

Dealing with Capenhurst first, the authors seem to have taken 
all the necessary precautions to ensure that the supply from the 
132kV Grid will be available at the four substations A, B, C 
and D at all times. Nevertheless, the possibility of failure of 
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the duplicate supply to any one of these substations cannot be 
entirely overlooked. If they were connected together by 
additional feeders, thus constituting an inner ring within the. 
outer ring, complete failure of supply to any one section could 
be avoided. 

In connection with the stable running of the induction motors, 
the company with which I am associated was concerned with 
the investigations mentioned by the authors. I do not propose 
to discuss them, because I notice that a second paper is being 
prepared which will deal with the problem in detail. The 
phenomena involved are not peculiar to Capenhurst, but may 
affect many similar undertakings. 

With regard to Windscale and Dounreay, I have one small 
criticism relating to Fig. 7: although the main and standby 
supplies and the essential auxiliaries are segregated from each 
other adequately, there is no segregation at the busbars. In the 
event of a busbar fault, which—though unlikely—may occur, 
both the standby and the main supplies would be lost. 
arrangement in which the main and standby supplies are con- 
nected to separate sections of a sectionalized busbar is to be 
preferred. 

Have the authors found it necessary to use field-forcing of the 
motor-generator MG in Fig. 7 in order to ensure that the 


generator takes over the load quickly enough in the event of a_ 


failure of the main supply? 

Mr. P. S. K. Eaves: The unusual feature of supplying power 
to the Capenhurst factory was the large mass of concentrated 
induction-motor load in relation to the generating resources in 
the supply area. 


and the motor terminals. 
existing 132kV and 11 kV switchgear ratings, and by the inherent 


impedance of the 132/11kV transformer connections. 


which could be carried on a single point of supply following 
a voltage disturbance was about 70-90 MW. 


To overcome the problem, the area of fault was restricted and | 


the currents flowing in the system were reduced by segregating 
the load into four sections. Each section was backed up by the 
available generating resources in the area, and the existing 
132kV connections were arranged to act as an electrical buffer 
between sections; thus a fault on one section was unlikely to 


cause total collapse of voltage in the neighbouring three sections. 


A special feature of the switching arrangement was the adoption 
of a 14 switchgear layout, so that under outage conditions there 
would be a minimum change of system impedance. In the pro- 
tective equipment, simplicity and reliability coupled with speed 
of clearance was aimed at by installing unit-type protection 
working in conjunction with independently routed underground 
pilot cables. 

At present, a satisfactory 275kV scheme is being sought to 
serve the dual purpose of allowing the supporting generation 
to be shut down at off-peak periods and of supplying the 
increasing demands in the area. 

Mr. J. Tozer: I fully support the authors’ views on the pro- 
vision of adequate space for cabling. It is essential that the 
electrical engineer be brought into the project from the outset. 
At that stage ample space for cables should be allocated, and no 
one should be allowed to encroach on it. The amount of 
temporary-construction electrical supply must depend to a great 
extent on the construction programme. However, I think that 
a reactor site employing upwards of 2000 men would involve a 


An 


The voltage-regulation problem following a _ 
voltage disturbance was caused by the excessive demand of, | 
current by the motors, and could have been solved by reducing ! 
the system impedance between the main sources of generation - 
The extent to which this could be 
done, however, was restricted by the limits imposed by the 


In fact, 
it was later shown that, within the practical limits of switchgear 
ratings and existing transformer impedances, the maximum load | 


: 
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maximum demand of the order of 3MVA without including any 
Stress-relief load. 

The authors advocate fireproof serving for indoor use and in 
the same sentence mention that p.v.c. serving is being tried on 
recent installations. There appears to be a difference in policy 
here. I would suggest that, with the modern methods of pro- 
duction, heavy-gauge welded steel conduit should be considered 
to be as reliable as solid-drawn tube. Rubber-insulated steel- 
wire-armoured fireproof-served cable is not protected against 
ingress of oil through the serving. Should it become saturated 
with oil, owing to a leak in a lubricating system, the oil will 
quickly penetrate the serving, hessian and outer tapes to the 
rubber core insulation, which will deteriorate. Iwas disappointed 
that the authors have made no mention of their standards for 
wiring with special emphasis on termination of multicore cables, 
sizes and type of terminals, etc.’ The late Central Electricity 
Board set out a standard in their Engineering Guide No. 1 
which has become acknowledged practice in the construction of 
power stations. I wonder whether the authors advocate a similar 
standard with suitable additions to cover advances in control 
and instrumentation. Could they give a general statement of 
policy in respect of earthing and bonding? 

Mr. D. A. Dewison: I should like to emphasize the need for 
simplicity of connections. A complicated system makes it 
difficult for an operator to decide on the appropriate action to 
be taken in an emergency and often leads to maloperation. 

Recovery after a normal system fault is not a new problem, 
and has been dealt with satisfactorily in power stations for a 
number of years. It is evident that the main voltage drop occurs 
in the transformers, and it is necessary to select the right size 
and reactance of the transformer in relation to the load supplied 
and the switchgear to which it is connected in order to avoid 
recovery difficulties. 

The motors of different horse-powers have been supplied at 
different voltages, and it would be interesting to know the 
factors which were taken into account in deciding on the change- 
over. For instance, the Central Electricity Generating Board 
specify that, where the main voltage is 3-3kV, the motors up 
to 150h.p. should be supplied at 415 volts and above that rating 
they should be supplied at 3-3kV. Where the main voltage is 
6-6kV, motors up to 300h.p. should be supplied at 415 volts. 
No definite ratings have been specified where the main voltage 
is 11kV, but it is thought that motors below 1000h.p. should 
not be supplied at that voltage. a 

A diversity factor of 40°% is quoted by the authors. Is this 
the ratio of the normal load to the installed load, or to the 
estimated maximum load? 

Mr. J. A. Prescott: At Capenhurst there are probably about 
150 11kV, and well over a thousand 400-volt, circuit-breakers. 
This in itself produces a rather unique situation in cleaning and 
maintaining such a large concentration of equipment of this 
type. Most of the circuit-breakers must be on load con- 
tinuously, and it is a major planning operation to take some of 
the circuits out of service. Would the authors make any major 
changes, such as duplicating circuit-breakers for every important 
feed or possibly by the introduction of automatic reclosing 
operation on the 11kV circuits, if they were designing this 
system again? ; t 

The same question could possibly apply in connection with 


the 132kV supply. There are the duplicated feeds at the four 


points at Capenhurst. So far as I am aware there is no sug- 
gestion so far of applying automatic reclosure to the 132kV 
supply circuit-breakers. I wonder whether this is not a very 
suitable and important location where such operation should 


be seriously considered. 
With regard to the automatic change-over on the motor 


supplies, are any special precautions in the control circuits 
incorporated to prevent reconnection of motors to the supply 
with 180° phase displacement? If many motors are connected 
to one busbar and the supply to the busbar is removed, the 
whole bank of motors will remain synchronized for a number 
of cycles, while rapidly losing speed. If the supply is restored 
during the first 4-4+sec 180° out of phase, the effect is to short- 
circuit each motor, applying considerable stress to the motor 
windings. Are the motors specially designed to take this in 
diffusion plant installations such as Capenhurst? 

Mention has been made of magnetic pumps; in view of the 
high temperature of the liquid metal, what insulation techniques 
have been found satisfactory for keeping the pump windings 
in usable condition? Should the temperature of the metal fall, 
it would thus become less fluid and so presumably constitute an 
overload on the pump. What happens under this condition, 
and what type of protection can be used? 

Mr. D. J. E. Evans: The paper mentions the automatic 
starting of Diesel generators. Could the authors indicate both 
the time taken by these generators to start up and the reliability 
of the automatic starting? How long should the batteries be 
capable of supplying the essential plant following the loss of 
a.c. supplies and until the Diesel generators start up? 

In describing the diffusion plant the authors refer to the very 
large number of squirrel-cage induction motors, but no mention 
is made of power-factor correction apparatus. Is there, in fact, 
no such equipment? Was the contribution of induction-motor 
in-feeds considered in assessing the rating of the circuit-breakers ? 
With such a large installation of squirrel-cage induction motors, 
has a pattern of failure developed? If so, what is this pattern? 
Several papers have been published in American literature on the 
representation of induction motors in network analyser studies. 
It is stated that there is to be a paper on British network-analyser 
studies involving induction-motor representation, and with the 
increasing concentration of induction motor-loads, I am quite 
certain it will be of very wide and general interest. Did the net- 
work-analyser studies influence the choice and setting of the 
relays ? 

Mr. J. Solomon: In Section 5.3 the authors state their pre- 
ference, where possible, for air-break circuit-breakers for 415-volt 
and 3:3kV duty. They do not enumerate their reasons for this 
and perhaps they would care to enlarge thereon. Since this 
Section deals with standardization, it would be useful to have 
particulars of the breaking capacity and current ratings 
concerned. 

For comparative purposes it may be noted that power-station 
practice over the past ten years has generally followed the 
authors so far as 415-volt circuit-breakers are concerned. At 
3:3kV the larger portion of equipment has consisted of air- 
break switchgear, but oil-break gear has by no means been 
excluded, taking into consideration sound design and economics. 
The choice of type may sometimes be influenced mainly by local 
considerations of maintenance, particularly where frequent 
switching is necessary. 

So far as operating experience is concerned, there have been 
a very small number of breakdowns of 3:3kV switchgear over 
the past few years in our power stations, and, surprisingly, air- 
break switchgear has been involved to a far greater extent than 
the oil-break type. It would therefore be interesting to have 
some information on the authors’ experience with their 3-3kV 
installations. 

Mr. W. H. Foster: In the design of electrical installations for 
oil refineries the associated codes of practice are the National 
Electrical Code of America and the British Institute of Petroleum 
Electrical Code. For installations in coal mines there is the 
Coal Mines Act, and all these documents define ‘dangerous’ and 
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‘safe’ areas and offer guidance on the application of electrical 
equipment in or near the hazard. 

To the best of my knowledge no such code of practice exists 
for the chemical industry as a whole, and I should like to know 
which code of practice the authors use when designing plants 
of this kind, since there is no document issued by the Ministry 
of Labour under the Factories Act which defines a hazard, and 
where one shall locate electrical equipment—or, for that matter, 
whether the equipment in the hazard is to be Buxton Certified 
flameproof. 

At what horse-power rating did the authors change from 
medium to high voltage, and decide to fit or omit earth-fault 
protection? Having determined the horse-power rating, what 
reasoning was behind the choice? 

A controversial point I frequently encountered is the question 
of what constitutes the correct fault current-density for paper- 
insulated lead-covered armoured cables. The E.R.A. and 
C.M.A. use 77:8 kA/in? for +sec, resulting in a final cable tem- 
perature of 120°C. I understand that the largest chemical 
organization in this country use a figure of 120kA/in? for 4sec. 
American practice is to operate at a final temperature of 180°C, 
and some continental countries use 160°C. It will be appre- 
ciated that these final temperature differences can mean a con- 
siderable saving in cable costs, and I should appreciate the 
authors’ enlightenment on what current density and temperature 
they employed with high-voltage cables. 

Mr. J. C. Williams: Have the authors found copper con- 
tamination from commutators, contactors, etc., of serious 
consequence? 

Not only may the Diesel starting time be important, but also 
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Mr. W. E. G. Robinson: It is very obvious that the electrical 
installations are very large by ordinary commercial standards. 
The cable runs are very impressive and the authors must have 
had considerable difficulty in getting these where they wanted 
them. Was there an experience of such cable runs being 
damaged when welding was carried out on adjacent pipe 
runs? 

The authors favour p.v.c. sheathing, but judging by the 
number of flameproof installations in their plants, have they 
any evidence of such sheathing being attacked by liquid 
hydrocarbons? 

A non-fail electricity supply is a difficult thing to achieve. 
Have there been any failures in these installations? Where 
non-fail supplies are used it is assumed that such plant as pumps, 
etc., were duplicated. What is the authors’ practice with these 
duplicate items? Do they change automatically from one drive 
to another? 

What method do the authors use to differentiate between long 
voltage surges and a genuine interruption of supply? 

Mr. D. Marshall: Concerning the stalling of compressor- 
motor drives following faults on the 132kV system, have low- 
starting-current motors been used and are flywheels incorporated ? 

It is claimed that natural air-cooled transformers justify their 
additional cost by savings in efficiency and cable losses; could 
figures be given to illustrate the point? 

At the Dounreay fast reactor, eighteen 120kW Diesel alter- 
nators are used to cover the load of the heat exchangers; would 
adequate reliability not be obtained with a smaller number of 
larger machines—a more attractive arrangement? 

Tungsten-filament lighting is apparently used for plant areas 
where one would expect fluorescent to be better on economic 
grounds, in addition to its other advantages. 

Section 2.1 refers to uranium dust. Is there an explosion 
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the total circuit interruption time—the sequence of response 
times of ‘sensing’ relay and circuit-breaker trip coil together 
with the clearing time of the circuit-breaker. 
time to disconnect the normal heavy load, there may be a voltage 
drop. Have any tests to investigate voltage drops been arranged? 

Two matters not mentioned in the paper—both of particular 
importance in any installation where safety is paramount—are 
the lightning protection system and the earthing system. What 
arrangements are necessary with sealed steel containing buildings ? 
One major problem with sealed buildings is to provide sufficient 
holes for cable entry. Layout considerations give a preference 
for the concentration of such entries in a few areas. With 
many holes in an area, shell compensation may be difficult, since 
cable is not so effective as pipe in providing inherent compensa- 
tion. The shell cable-boxes of sealed buildings require con- 
sideration. Fig. 11 does not make clear how such a cable box 
can be tested as a pressure-retaining part—a statutory require- 
ment if the building is to be accepted as a pressure vessel. 

During failure of normal electrical supply, urgent maintenance 
may be necessary. Is a proportion of the low-voltage power- 
tool points on the guaranteed supply? 

For cranes in atomic-energy installations, when do the authors 
recommend a.c. and d.c. cranes respectively? Are any special 
measures needed in active or potentially active areas to avoid 
the contamination of cranes? 

Mr. G. C. Allingham (communicated): In Table 2 the last 
item shown is p.v.c.-sheathed cable, but there is no mention 
of polythene-insulated cable. This is generally considered to 
have certain advantages, in some cases, over rubber insulation. 
It can be armoured and fire-proof served when desirable. 
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hazard from this source, and, if so, are any special precautions 
taken in addition to ventilation? 

With regard to the fuel-element examination caves, some of 
the electrical equipment becomes radioactive in normal operation 


If it takes some | 


— 


and more information on the maintenance of such items would 


be of interest. ; 

Mr. P. J. Mockler: Although the authors have devoted a con- 
siderable portion of their Section on nuclear-reactor installa- 
tions to describing the essential supplies systems of Windscale, 
Calder Hall and Dounreay, they have made no attempt to com- 
pare the possible alternative arrangements or to justify the 
designs adopted. 

The auxiliaries supplied from such a system can broadly 
be divided into two categories: (a) those which must operate 
continuously under normal and fault conditions, together with 
those required to start up immediately on fault incidence; and 
(b) those whose starting-up can be delayed for some time after 
fault incidence. 

The philosophy generally adopted in the design of reactor 
essential supplies is that, under fault conditions, category (a) 
auxiliaries are supplied from a battery, either directly or through 
converting plant, for the time taken to initiate manually the 
starting-up and paralleling of Diesel generating plant whose 
automatic starting equipment is assumed to have faulted. To 
cater for these conditions, three basic systems are possible, namely 


(i) A.C. auxiliaries; battery and d.c./a.c. convertors for cate- 
gory (a) auxiliaries plus Diesel alternators. 

(ii) D.C. auxiliaries; battery for category (a) auxiliaries plus 
Diesel d.c. generators. 

(ili) D.C. auxiliaries for category (a) from battery; a.c. auxiliaries 
for category (6) from Diesel alternators, which also provide long- 
term supply for category (a) through rectifier equipment. 


All three systems have comparative advantages and dis- 


or 
x ~~ 


ia 


BINNS AND OUTRAM: ELECTRIFICATION OF THE U.K.A.E.A. INDUSTRIAL GROUP FACTORIES: DISCUSSION 91 


_ advantages. Individual alternators and a.c .motors are inherently 
more reliable than their d.c. counterparts. Scheme (i) suffers 
from the disadvantage of having to rely on continuously running 
rotary converting plant. While automatic synchronizing of the 
alternators is operationally desirable, it is far less simple and 
reliable than automatic paralleling of d.c. plant. Scheme (iii) is 
a compromise between (i) and (ii), but places reliance on a rectifier 


link for the long-term condition. Scheme (ii) has the big 
advantage that all auxiliaries are connected as directly as possible 
to the supply sources. 

The authors have no doubt investigated, and by now will 
have had operational experience, of these three systems, and it 
would be of interest to learn which scheme they would select 
for a future nuclear station of the Calder Hall type. 


NORTH MIDLAND UTILIZATION GROUP AT LEEDS, 18TH NOVEMBER, 1958 


Mr. A. J. Coveney: The authors clearly indicate the great 
extent and variety of use to which electricity has been put in 
chemical plants and nuclear stations operating in this country 
_ to-day. In many cases, these problems were quite new, neces- 
_ sitating new developments which were both of extreme importance 
and national urgency, and I venture’to suggest that, even ten years 
ago, the authors themselves hardly visualized the magnitude of 
the work that has been reached to-day. 

Many questions could be asked concerning the production 
of uranium and the safeguards against radioactivity, but one 
realizes that the authors are restricted for security reasons, and 
so I refer only to the electrical side of the paper. 

An important electrical aspect is the one concerning the 
extremely large induction-motor load at the diffusion plant 
described. Although the authors say that this question will be 
dealt with in detail in a separate paper, they quote 0:14sec as 
the fault-time loss of one phase; this is sufficient to cause serious 
motor trouble and perhaps even stalling. Do they not agree, 
in the light of present knowledge, that this figure is not general 
and is on the fast side. So much obviously depends on the 
_ inertia of the motors, the low-loss value of the rotors and the 
predominance of nearly 100% induction load, and I suggest 
that the crux of the problem is that the short-circuit value 
available is too low for the conditions required, and had this 
figure been higher and the 132kV supply firmer, different con- 
ditions would have arisen. : 

In Fig. 5 it is surprising to note that the capacities of some 
of the transformers are stated and others are omitted, as are the 
many technical problems associated with this diagram con- 
cerning voltage distribution, load-sharing and the protection of 
switchgear and plant. 

Have the authors any actual experiences of standby supplies 
operating? Fig. 7 appears to have not only. ‘belts and braces’ 
but ‘safety pins and string’ as well. .. 

_ The substation layout in Fig. 9 is excellent, but is typical of 

the present-day practice usually associated with more extensive 
switching stations; if the authors are adopting this as a standard 
for their distribution substations in their factories, then they 
are to be complimented. There is no mention of busbar-zone 
protection—something which was born out of experiences in 
this area many years ago and which over a period of time has 
proved its worth. 

A small point in regard to construction supply (Section 5.2) 
is the reference to the large load required for testing the pressure 
vessels. One would have thought that by the time the pressure 
vessels were ready for this test, a partial supply from the main 

switchboard could be obtained; but in any case it would appear 
a possible use for a portable substation. Have the authors 

considered this? 
The authors are to be congratulated on their efforts with 
regard to standardization, but I must challenge them on the 
rating of some of the heavy-current circuit-breakers referred to 
in Section 5.3, and remind them that 2kA is the British Standard 
maximum current rating, even with the 90% full-load figure 
which they consider will not be exceeded. 
Mr. F. J. Cox: The processes carried on in the atomic energy 


factories are of such a special and critical nature that the stan- 
dards of reliability demanded can be met only by meticulous 
attention to all engineering details. The paper shows, in a 
striking way, the collaboration between civil, mechanical and 
electrical engineering interests which has gone into the develop- 
ment of the different projects. It is evident that attention to 
detail and high regard for safety and reliability have extended 
to the design of cable systems. As a result, the bulk of the 
cabling is performing in what can be regarded as normal 
operating conditions, and thus conventional types of cable can 
be used. It is noted that p.v.c. is being used with wire-armoured 
rubber cables in the Springfields chemical factory and is being 
tried in place of textile fireproof serving on armoured mass- 
impregnated non-draining cables. It would be interesting to know 
what the authors’ experience has been with p.v.c.-sheathed cables, 
and it would be expected from experience in other chemical] plants 
and in oil refineries that they will become increasingly popular. 

The chemical and corrosion-resistant properties of p.v.c. 
suggest that this material will find increasing application in 
p.v.c.-insulated-and-bedded wire-armoured and p.v.c.-sheathed 
cables—a type which is not mentioned in the paper. 

Although the majority of cables in and around the plants are 
conventional paper-, rubber- and mineral-insulated types, it is 
known that there are situations where flexible leads or cables 
must operate in high ambient temperature and high radiation 
intensity. Temperatures over 250°C rule out organic insulating 
materials in favour of asbestos, glass and Refrasil, for example. 
For conductors, high temperature and the need for chemical 
compatibility with fuel-element cans may mean the use of 
stainless steel. 

It would be interesting to learn the authors’ experience with 
such types of cable, since temperatures of 400°C and high 
radiation fluxes are being called for in atomic power stations. 
The importance of material-testing reactors, in these circum- 
stances, is very great, and it is clear that there will not be the 
opportunity for adequate accelerated testing of materials before 
cables are required to be put into service. 

Mr. H. J. Sheppard: I am particularly interested by the 
arrangement of electricity supplies to Capenhurst, providing 
11kV and 3-3kV by direct transformation from 132kV for a 
load comparable with that of a large city. 

Reference to 350 MVA switchgear in Fig. 9 (and SOOMVA 
was mentioned in the discussion) indicates that the 250MVA 
limit normally adopted by the electricity supply industry at 
11kV has been substantially exceeded at the 132/11kV sub- 
stations, undoubtedly involving considerably increased cost for 
11kV switchgear. Two standard 30MVA 132/11kV_ trans- 
formers in parallel result in a fault level of approximately 
250 MVA, and I would suggest that there would have been 
advantage in splitting the 11kV load into sections which could 
be supplied in this manner. 

The adoption of 132/3-3kV transformation is a striking effort 
to minimize transformer losses, but I should be interested to 
know whether comparison was made between the capital cost 
of this scheme and that of a possible alternative having an inter- 
mediate voltage such as 33 kV. 


o2 


The authors referred to the grouping of eight 1MVA 
11/0:415kV transformers at one substation, which must neces- 
sitate the distribution from it of a load exceeding 10kA per 
phase. Would it not be preferable to limit the numerous and 
heavy 415-volt circuits, for which accommodation has to be 
found, by siting some of the transformers nearer to the loads 
which they supply? 

Mr. H. R. Lorch: Do the authors consider that the new tools 
which have recently been introduced for use with mineral- 
insulated cables should contribute towards lowering the installa- 
tion costs? 

Is the increasing use of a p.v.c. outer protective covering on 
mineral-insulated cable likely to foster its use in underground 
situations where the rapidity of the jointing operation could be 
an advantage? 

Has consideration been given to the use of the copper sheath 
(with its high conductivity) for carrying the return current, 
i.e. the use of these cables in concentric wiring? 

Mr. K. Collinson: On plants of this size with a load which 
would appear to be largely inductive, the use of power-factor- 


THE AUTHORS’ REPLY TO 


Messrs. J. W. Binns and W. J. Outram (in reply): Owing to 
the limitations of space we have regrettably found it impossible 
to answer questions individually. 

It has been quite rightly pointed out that many of our problems 
are no more onerous than those met in heavy chemical industries, 
and, in fact, the experience gained in that industry has been 
of considerable assistance to us. We therefore regret any 
impression we may have given that all of our problems have 
been completely unique. 

Many speakers have raised questions on the stability of the 
diffusion-plant induction-motor load. In view of the fact, 
however, that a special paper is to be given on this subject, we 
are not proposing to deal with this in any detail. Attention is 
drawn, however, to Mr. Eaves’s clear and concise explanation 
of the problem, for which we are grateful. 

Dealing with the many questions on the main distribution at 
Capenhurst, it was found impossible to improve the continuity 
of supply by a local interconnection at 132kV, since stability 
consideration dictated that the load was divided into reasonable 
packets which would recover, and also of such a nature that a 
single fault would affect only a part and not the whole of the 
load. Supply at 3-3kV was chosen for the largest motors, 
because these are in excess of 200h.p. each, and this voltage 
was shown to be both economical and practicable. The inter- 
mediate voltage of 11kV was chosen for the remainder of the 
plant, which operates at 415 volts, since it was economically 
sound to use natural-air-cooled transformers at load points and 
11kV was the highest voltage thought prudent for such trans- 
formers. The switchgear ratings chosen are, in fact, a com- 
promise between the requirement of very high ratings for units 
of load for recovery and the economic consideration involved 
by many more smaller blocks of power. The latter would have 
necessitated many more switch units of a smaller rating and far 
greater building space, which, for a diffusion plant where the 
size of the process building is largely dictated by the electrical 
equipment, rapidly forces one into the use of relatively high 
fault levels. Another function which governed the choice of 
voltage and distribution arrangements was the necessary stress 
laid upon reliability and overall efficiency, the latter being 
particularly important for a plant of this size having a load 
factor of 98%. Busbar-zone protection has been applied at 

Calder Hall and Chapelcross, but was not installed at Capenhurst 
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correction equipment would seem to be an advantage in improy- 


ing voltage regulations and limiting load currents. I notice a 
reference to power-factor-correction capacitors in Fig. 8; could. 
the authors give more detail on this point? 

Mr. J. D. Nicholson: I find it difficult to understand the 
electricity distribution system arrangements within the various 
factories, owing to a certain absence of information. Appre- 
ciating that my deductions may be wrong, I cannot avoid 
astonishment at the choice of distribution voltages, particularly 
when related to such high system fault levels. These latter 
must clearly have made the cost of switchgear and its accom- 
modation extremely high. The authors have indicated that the 
selection of high fault levels was determined by the stability 
requirements of a very large number of induction motors, and 
mention is made of the disturbing effect of single-phase faults 
with durations no longer than seven cycles. I should like to have 
a more complete explanation from the authors of the reasons 
for their choice of distribution-system arrangements, together 
with a fuller appreciation of the apparent stability limitations 
of the particular types of induction motor used. 


THE ABOVE DISCUSSIONS 


because of the complexity of the installation, i.e. the large 
number of outgoing circuits. 

The compressor motors were designed for the purpose, having 
starting currents of about four times the full-load current and 
no flywheels. In spite of the large number of motors used, no 
particular pattern of faults has yet arisen on the small number , 


of failures experienced. Power-factor-correction condensers are ! 


used on the 415-volt machines primarily with a view to obtaining 
maximum utilization of copper in main feeders. The plant 
works at a power factor of approximately 0-95. 

Air-cooled transformers proved more economical than oil- 
immersed ones, since it was possible to site them at the load, 
utilizing building space which could not otherwise have been 
used and thus saving in losses on medium-voltage connections 
and building costs. 

Many questions have been asked on essential supply systems. 
These have been developed over the last ten years, from the 
Windscale system shown in Fig. 7 of the paper, i.e. an a.c. 
system with floating motor-alternator and no switch sectional- 
izing of the busbar, to the Calder Hall system which is a d.c. 
supply having two sections in the busbar. Our experience leads 
us to believe that best reliability can be obtained by ensuring 
that no reversals in the direction of current flows take place 
when the emergency plant comes into operation. Starting times 
of 20-30sec have been obtained for the Diesel generators, but 
failures to start have been experienced, particularly in the early 
life of the plant, and we are firmly convinced that it is prudent 
to allow sufficient battery capacity to enable an operator to 
reach the plant and rectify any fault. On this basis we chose 
our battery size to permit 20-30 min full emergency duty. No 
field forcing as such is applied to the Windscale motor-alternator 
but the motor field is automatically adjusted to allow for the 
sudden application of load. In the consideration of emergency 
supply systems, the view expressed by a number of speakers (with 
which we wholeheartedly agree), that a straightforward and 
simple solution is necessary to ensure reliability, is even more 
applicable than in any normal distribution system. 

Automatic change-over devices have not been widely used by 
the Authority and where applied—for certain instrument 
supplies—a sufficient time delay is incorporated to allow any 
flux to decay before reinstating the supply. 

Provision has not been made for the supply of l.v. hand tools 
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under shut-down conditions, but certain provision has been made 
for hand-lamps, particularly in switch houses. 

A question has been raised regarding the large number of 
Diesel generators for the fast reactor at Dounreay. This was 
dictated by the necessity of having 12 independent cooling 
circuits, and the arrangements are such that each of these has 
its own independent Diesel generator, so that the failure of one 
will not affect the other. The insulation of the electromagnetic 
pumps at Dounreay is of glass silicone. Many tests were carried 
out on insulations, since the pumps must work in a nitrogen 
atmosphere with winding temperatures of about 250°C, and the 
results indicated that we should obtain a life of at least five years 
with this type of insulation. 

Many questions have been asked on wiring installations and 
types of cable. Table 2 was included merely as typical of the 
more usual small wiring installations, distribution being treated 
separately. We do not agree that conduit installation can be 
entirely superseded; we have many clean and dry buildings 
where an installation of this type is most suitable and not 
necessarily more expensive than possible alternatives; this is 
particularly so where ‘hospital’ finishes are required. Where 
suitable, welded conduit is widely used. A great deal of thought 
has not yet been given to the use of concentric m.i.c.c. cable, 
since there are certain problems here in connection with multiple 
neutral earthing. 

We have not as yet had any length of experience with p.v.c. 
sheathed cables, and these have only recently been installed at 
our Springfields factory. We have also been somewhat con- 
cerned regarding the effect of hydrocarbon solvents on p.v.c. 


and for this reason have generally restricted this material to the 
sheath. We are, however, closely watching developments in 
plastic insulation, both p.v.c. and polythene. We have not as 
yet applied p.v.c.-sheathed m.i.c.c. cable to any underground 
installation, although we have used this on certain of our 
chemical plants. The application of cables in ambient tem- 
peratures above 250°C has not yet arisen on our plants, so we 
are unable to help regarding suitable insulants for 400°C. For 
fault ratings of cables we generally use the E.R.A. figure of 
77-8kVA/in?, although in certain cases this has knowingly been 
exceeded. 

Cables into containment buildings are taken through in 
relatively large groups. The main problem is to decide at a 
very early stage of the design the number and size of holes 
required to permit of the design of the vessel. The cable seals 
into the fast reactor vessel were tested individually by placing a 
specially designed stocking over the seal and cable. 

The Authority have a firm standard for the bonding of all 
cable terminations, earthing of all switch and fuse boards, etc. 
Main earths are provided by means of copper rods or cast-iron 
pipes installed in specially prepared locations, and in many cases 
copper earth connections are run with the main connection and 
particular care is taken to meet the statutory requirements. 
Lightning protection in accordance with the official code of 
practice is applied to all buildings housing plants processing 
materials of an explosive or highly inflammable nature; otherwise 
such protection is at present only applied on buildings 75 ft high 
or more. The steel containment building at Dounreay has been 
treated rather as a steel chimney and solidly earthed at the base. 
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SUMMARY 


The practical design of electromagnetic pumps is discussed with 
particular reference to construction of the duct/electrode element. 
Common features of electrical design are explained in terms of a 
simple theory of tube efficiency. 

The scope of d.c. pumps in meeting different duties and practical 
conditions is indicated. Some results of an experimental investigation 
of d.c. pump performance in a 4 in-diameter pipe loop are given. The 
significance of end current loss is indicated, and also the equivalent 
reduction effected by the presence of a graded fringing field in the end 
regions. A technique of electrode ‘wetting’ suitable for mercury and 
stainless steel is described, together with gas entrainment experiments. 

A homopolar generator with mercury collector rings is described. 
This type of machine would provide an efficient source of current for 
the d.c. pump. The newer types of rectifier are briefly compared with 
the generator for this application. 

Reference is made to polyphase travelling-field pumps, and their 
appropriate application is discussed. Simple theory of design is given, 
with relationships for optimum design at standard supply frequency. 

Other possible designs of large electromagnetic pump are briefly 
examined and compared with the basic forms of conduction and 
induction pump. 

The various classes of pump suitable for laboratory use are men- 
tioned and general principles of selection are offered. ry 


LIST OF SYMBOLS 


A = Stator current loading, ampere-conductors/cm. 
a = Width of pump channel parallel to field, cm. 
b = Breadth of pump channel parallel to current flow, cm. 
B, = Gap flux density, gauss. 
B,, = Amplitude of travelling wave of gap flux density, gauss. 
c = Electrode length parallel to flow, cm. 
E = Applied voltage gradient, volts/cm. 
V, = Pump electrode voltage. 


Vz = Equivalent ‘motor’ e.m.f. induced in gap field, volts. 
E; = ‘Motor’ electric force perpendicular to field and flow, 
volts/cm. 
Vip = Full value of e.m.f. induced in main field B, between the 
electrodes, volts. 
f = Frequency of a.c. power supply, c/s. 


g = Equivalent gap width, cm. 
h = Developed head rise, lb/in? per in. 
Amplitude of magnetizing component of J,. 


m 

I, = Amplitude of liquid current wave, power component 
Of. 

I, = Amplitude of equivalent stator surface-current density, 
amp/cm. 


I, = Amplitude of wall current wave, power component of J,. 
J = Current density, amp/cm2. 
K = Pump parameter. 

K,, = Pump parameter for design in which maximum developed 
power and maximum efficiency occur together, end 
effects neglected. 

k,= Winding factor, approximately unity. 
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Po = Developed output power per unit of effective pole-face 
area, watts/cm?. 


Rp = Equivalent liquid resistance in gap field, ohms. 

Rp = Equivalent end-liquid by-pass resistance in zero field? 
ohms. 

R,, = Total wall-current path resistance, ohms. 


r = Fringing resistance ratio for end and central regions of ' 


pump taken together. 


r; = Fringing resistance ratio for central region of pump 


between electrodes. 
ro = Fringing resistance ratio for currents passing into end 
regions beyond electrodes. 
s = Fractional slip of induction device or ratio of ohmic 
drop to applied voltage in conduction unit. 
S. = Slip for maximum tube efficiency. 
t = Thickness of each wall of pump channel, cm. 
u = Mean liquid flow speed, cm/s. 
U, = Synchronous flow speed of induction device, correspond- 
ing to condition E = E; in conduction unit, cm/s. 
X = Wall/liquid conductivity ratio. 
Zp = Head parameter. | 
Zo = Output power parameter. 
A = Wavelength or double pole pitch, cm. 
7 = Pump efficiency. 
1, = Tube efficiency, liquid and walls, without end effect. 
Nim = Maximum tube efficiency. 
p = Resistivity of liquid metal, ohm-cm. 
Pw = Resistivity of wall material, ohm-cm. 


¢ = Internal phase angle between power and magnetizing 


components of J,. 


(1) INTRODUCTION 


Liquid metals are of considerable interest in nuclear reactor 


design because of their very favourable heat-transfer properties 
coupled with low vapour pressures at operational temperatures. 


The low-density liquid metals, sodium and sodium-potassium | 
alloy, have generally been considered as straight coolants of a. 


solid-fuel system, while bismuth and its alloys have usually been 
considered in connection with dissolved or slurry-fuelled reactors. 
Lithium and magnesium are also considered from time to time 
as coolants, and the latter possibly as a solvent. 


Even where. 


the liquid metal solution remains in the reactor, the primary- 


circuit coolant is likely to be a liquid metal from considerations 


of compatibility. The possible application of liquid metals on’ 
a large scale has stimulated the development of satisfactory. 


engineering systems and components. In each case, consider- 


able metallurgical development is required to meet corrosion” 


difficulties. The development of satisfactory pumps depends on 


this as much as the reactor does, and the problems of pump 


design vary with the choice of liquid metal and type of contain- 
ment required. Up to the present, metallic construction has 
been used in direct contact with the liquid metal, and if there 
were ever to be a development in favour of ceramics or ceramic- 
lined steels, the design of electromagnetic pumps would be. 
altered in important respects. It would be a great advantage, 
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or example, to isolate the side-walls of conduction pumps by a 
eramic Junction along the electrode boundaries and a ceramic 
ining in the pump tube, except over the electrode surfaces 
vhich must remain in direct contact. The wall currents of 
nduction pumps might be reduced by ceramic junctions, but the 
rinciple of operation entails complete replacement of metal 
valls if the wall loss is to be eliminated. The designs described 


more by the high-temperature properties of the tube material. 
Flux and torch brazing has been successfully applied to pumps 
with narrow electrode connections, up to 4in wide, while casting 
techniques show the greatest promise for large pumps with wide 
electrodes. Fig. 3 shows the duct assembly of one of the poly- 
phase induction pumps built for the Dounreay fast reactor, 
which is to be sodium cooled. The channel and diffusers were 


Fig. 1—Channel for a.c. conduction pump formed by hydraulic pressing of 1 in bore stainless- 
steel tubing. 


n the paper assume metallic channels in good electrical contact 
vith the liquid metal. It is the intention of the paper to provide 
. Summary of work already published in complete form else- 
vhere, and some new material is included. 


(2) FEATURES OF PRACTICAL DESIGN 


One of the merits of electromagnetic pumps is that the flow 
assages are fairly uniform and usually straight. In many cases 
he diffusers and uniform-section pumping length can be formed 
ogether from sheet or tube to give the smoothest possible flow 
hrough the pump. The maximum change of velocity in a large 
ump is usually less than three to one between pump and pipe- 
vork. Cavitation conditions, particularly with lead and bismuth, 
an be avoided more simply than in impeller pumps. Neverthe- 
2ss, a major part of electrical pump development is concerned 
vith forming and fabricating satisfactory tube components. 
he thickness of wall material for the pumping section must be 
hosen to give a proper balance of mechanical strength and 
eneral durability on the one hand, and reasonable wall-current 
oss and pump efficiency on the other. For large pumps, wall 
hicknesses are usually in the narrow range 7s¢—4in. In small 
aboratory pumps a thickness of 0-02in may -be satisfactory. 
‘ole faces adjacent to the flat walls of the channel provide 
upport for the pressure load, but attention has been given to 
he fabrication of multi-channel ducts which incorporate inter- 
al support and can also withstand vacuum without excessive 
tresses. 

Small a.c. pump tubes are usually hand-formed from round 
abe, but hydraulic pressing can be applied to uniform thin 
tainless steel tubing such as is shown in Fig. 1. A much larger 
ormed tube of 4in mild steel is shown in Fig. 2. This is of a 
ize suitable for a 2000g.p.m. d.c. pump. In large sizes 
yelded fabrication is practicable and permits the use of thicker 
yalls along the narrow faces of the tube when copper electrodes 
re to be cast directly on to the steel. Direct-cast bonding of 
opper to stainless steel has proved very effective, and in the 
oreground of Fig. 2 is shown a large electrode block cast on to 
tin plate of 13°% chromium steel. The block is of oxygen-free 
igh-conductivity copper and was cast in a hydrogen furnace. 
the coefficient of thermal expansion of chromium steels is 
ignificantly less than that of copper, but a sound bond has been 
roduced and preliminary thermal cycling tests have been quite 
atisfactory. With brazed electrode junctions the maximum 
umping temperature is governed by the softening of the braze 
jetal, but with cast or welded junctions the limit is governed 


formed in two pressings which were then butt-welded together. 
The copper side-bars were fixed in position by multiple-torch 
brazing. Long running tests on the prototype models show 
that a very high degree of reliability can be expected in the 
scheduled operating conditions. 
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SCALE 2” CUBE 


Fig. 2.—Experimental formed tube and diffusers for 2000 g.p.m. d.c. 
pump and (foreground) copper electrode block cast on to fin 
13% chromium-steel plate. 

The pump material is tin mild steel. 


Fig. 3.—Duct-diffuser assembly of polyphase travelling-field induction 
pump for sodium, developed for the Dounreay fast reactor. 


(a) Plain. ; es : 
(6) With diffuser support castings and tube-tensioning device. 
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(3) COMMON ASPECTS OF THEORETICAL DESIGN 

The sharing of current between channel walls and liquid 
pumped is a feature common to conduction and induction 
pumps. It has been shown that the maximum electrical efficiency 
possible in a portion of channel with ideal field and current 
distribution is governed by the wall/liquid conductivity ratio. 
The relationships were first stated in connection with linear 
induction pumps,! but where virtually 100% contact can be 
assumed between liquid metal and electrodes, the same principles 
can be applied to the uniform field and current region of a d.c. 
conduction pump.?__End-of-field and end-current losses impose 
a further restriction on maximum efficiency in each case. The 
relationships for the mid-length portion of either pump are as 
follows: 


Ses 2t p (1) 
@ py 
1—s 
Uf a xX (2) 
1+5 
oe ee eal 
Ss U, Pccas cok aan anes (3) 
S,= (X27 4+ xX -— X . (4) 
Nim = 1 — 256 (5) 
E, = uB, x 10~ volts/om (6) 


The locus of maximum efficiency for different values of X is 
shown with the efficiency/slip curves in Fig. 4. Since a can be 


100 ] j il 


this simple theory may be applied. Where there is appreciable 
contact resistance the equivalent circuit is more complicated! 
Measures to effect good electrical contact are usually adopted 
in such cases, as, for example, when mercury is required to we: 
stainless steel. 

Both conduction and induction pumps have an end-effect loss 
associated with the rise and fall of the magnetic field in the 
entry and exit regions. In the polyphase travelling-field pumy 
the end pole or wavelength is usually partially wound so as t¢ 
give as nearly as possible a travelling wave of flux in the gat 
and core over the fully-wound length. In the conductior 
pump, losses due to current flow beyond the electrodes can be 
reduced by extending and grading the gap field, or by the use 0) 
a multiple-channel system as proposed for the E.B.R. II d.c 
pump,*> where this arrangement is combined with fielc 
extension. 


(4) DIRECT-CURRENT PUMPS 


D.C. pumps are the most versatile in scope of application 
because they can be designed with a minimum of electrica 
insulation, and so can meet experimental and reactor plan: 
operating conditions involving high temperatures and appreciabld 
nuclear radiation. The range of sizes in which d.c. pumps car 
be built is probably greater than that of any other type o 
pump. At the lower end of the scale, pumps have been com: 
structed for flows of a few cubic centimetres a second, while a: 
the other extreme, flows of several thousand gallons a minuté¢ 
have been considered. In a smail laboratory unit the efficienc» 
may be less than 1%, while in the large units an efficiency o 
60% can be realized with sodium in stainless-steel channels 
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Fig. 4.—Curves of tube-efficiency/equivalent-slip for d.c. and linear induction 
pumps, end effect neglected. 


Line (m) = Locus of jup/se 


much greater in large d.c. pumps than in polyphase induction 
units, values of X are smaller and Nim greater for given values 
of p, py and ¢. Correspondingly, X and 7,,, in a large d.c. 
pump for high-resistivity liquid metals may have values com- 
parable with those for an induction pump handling sodium. 
Excellent electrical contact is obtained with alkali metals, and 


The overall efficiency will take account of the d.c. supply losse: 
and sources of supply are considered in the next Section. 

An investigation of d.c. pump performance has been carrie 
out at A-E.R.E., Harwell.® 7 The experimental pump, of abou 
100 g.p.m. capacity, was connected into a loop of 4in-diamete 
pipe (see Fig. 5), and the circuit was filled with mercury. | 
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_ Fig. 5.—Diagram of ‘four inch’ mercury test loop for experimental 
d.c. pump (A.E.R.E.). 
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special wetting procedure was adopted to effect good electrical 
contact between the mercury and the stainless-steel walls and 
electrode surfaces of the pump. The simplest and most satis- 
factory method was found to be the use of lithium-mercury Sr 


amalgam raised slowly into the channel by gas pressure in the 

dump tank. A small quantity of water on the surface of the 
mercury reacts with the alkali metal, and the nascent hydrogen ) 
cleans the steel surface, which is immediately contacted by the e oe a crouta = i - " 
mercury. Air was carefully excluded from the rig throughout i 

the experiment, and the electrode contact resistance remained at 
a very low value, less than the possible error of measurement. 


Fig. 7.—Constant-current, efficiency/flow characteristics for 
experimental d.c. pump with mercury. 
Electrode current, amp 


The main part of the investigation was concerned with the A 10.400 
estimation of end-effect loss in a plain channel with poles . 6750 
extended beyond the electrodes and the gap tapered to produce . eye 
-a gradual reduction of field. Laminated blocks were clamped S 3 O58 
to thefmain magnet poles so that the gap profile could be readily G 1980 


adjusted (Fig. 6). The pump was compensated by two +4in 
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Fig. 6.—Pole shape and mean gap-field distribution for experimental “ 
d.c. pump. 3 
OeT IK) 
copper sheets which were extended into the entry and exit regions 
to provide approximate balance of theend currents. The leading —— ae : 
dimensions of the pump channel were: | B | 
a, £in; b, 6in; c, 14in; t, 0-024in, each wall. Or 7 x5 a x So 
Basic pole-face length without Age a blocks, 164in. drome 
i i -steel sheet. oa, 
Es ge ae Fig. 8.—Constant-current, pressure/flow characteristics for 
The rig was operated at near room temperature. experimental d.c. pump with mercury. 
A set of curves for one of the pole shapes with the plain Blecirode current, amp 
rectangular pump channel is given in Figs. 7, 8 and 9. The @ oe 
corresponding pole and field profile is shown in Fig. 6. With (c) 6750 
the 1Lin magnet gap the natural fringing field of the main ( 9 3960 
magnet poles is quite significant and the improvement with the f ace 


extension blocks was found to be small, about 2%. An analysis (i) 1980 
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Fig. 9.—Constant-current, electrode-voltage/flow characteristics for 
experimental d.c. pump with mercury. 
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of these results’? has shown that the maximum conversion 
efficiency of the duct-electrode assembly, excluding hydraulic 
loss and magnet power, is about 43-5°%. If the main wall loss 
is eliminated, the basic liquid conversion efficiency is 57%. This 
maximum is primarily a function of the field profile and c/b ratio 
of the pump. It may therefore be applied to other pumps of 
similar geometry but different scale, and using liquid metal of 
any resistivity. The optimum field strength and current are 
functions of the resistivity of the liquid, but the value of the 
maximum liquid efficiency is independent of resistivity. 

It was also found that, if the pump channel and electrodes are 
to be represented by a simple equivalent circuit such as is shown 
in Fig. 10, the liquid metal resistance Rg and ‘motor’ e.m.f. Vz 
must include an allowance for the spread of useful current into 


I 


Reese 1 


Fig. 10.—Equivalent circuit of d.c. pump. 


Rz in effective field = rBy (725 *2) approximately. 
p 
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In calculating Vg, the 


the fringing-field regions of the pump. 
field strength assumed must be less than the actual main-gap | 


field B,, while the resistance Rg is less than the liquid resistance. _ 


in the full-field region between the electrodes. It has been shown 
from the analysis of experimental performance that very nearly 
the same fractional reduction must be applied to the main-gap 


field strength and to the liquid resistance in this field. 7 In the | 
experimental investigation the values of this fraction in the cases _ 


of best utilization of end currents were estimated to be 0-92 
and 0:93. The overall reduction in equivalent e.m.f. in the 
liquid metal, i.e. the ‘flowmeter’ voltage with no wall currents, 


corresponded approximately to the basic fringing resistance ratio _ 


r for the pump, 0-84. For the cases of least end-effect loss, | 
the ratios of liquid flowmeter voltage to e.m.f. Vi, were 0-855 and 
0-87. 
fraction will vary in like manner to r (Fig. 11). 
resistance Ry may be readily calculated, using the fringing 
resistance ratio to allow for spread of current beyond the 
electrodes. The value of R, is a function of the eddy-braking 
effect of the liquid end currents and would normally be deduced 
from experimental studies. It will include a small contribution 
from conduction paths in the walls of the duct, as part of the 
liquid end current will circulate via the adjacent walls when flow 
occurs in the magnetic field. In the cases of most effective field 
grading for the pump described, with b/c = +, R, was found to 
be near 13.Rz. 
ro/r; = 4 without field. 


Following the measurements of performance of this pump, the 


effect of injecting argon gas into the pump while operating was 


studied. With the gas pressure about 21b/in? positive to pump, 
inlet pressure, the valve was opened for a few seconds. As the! 


main gas volume passed between the electrodes there was a 
momentary drop in output pressure, but when distributed round 
the circuit the only indication of gas entrainment was a slight 
hissing noise from the pump. The pump performance was 
virtually unaffected, and remained so although gas was injected 
several times in succession. The pump could also be restarted 
without difficulty after switching off; with the electrode connec- 
tions in a nearly horizontal plane, gas did not collect at either 
electrode surface. 


(5) CURRENT SUPPLY FOR D.C. PUMPS 


The current required for a large d.c. pump may be of the 
order of 100000amp or more at 2-3 volts. To produce such 
currents efficiently and compactly has required the development 
of special machines. The appreciable brush voltage drop of 
orthodox generators is virtually eliminated by employing liquid 
metal as the current-collecting medium. There are broadly 
two types of such machine: one having the space between rotor 
and stator flooded with liquid sodium-potassium alloy, and the 
other having discrete current-collector rings which hold liquid 
metal when rotating. The flooded homopolar generator has 
been developed in the United States, notably by the late Dr. 
A. H. Barnes and colleagues;* 5»® efficiencies exceeding 90% 
can be realized in large designs. A homopolar generator with 
mercury-filled collector rings, or ‘brushes’, has been developed 
at A.E.R.E., Harwell.?-!! 

This experimental machine employs a cylindrical bell-shaped 
copper rotor turning about a vertical axis (Fig. 12). Concave 
collector rings are formed at each end of the rotor, and when 
the machine is operating these are kept filled by a small flow 
of mercury, which also provides cooling. The cylindrical portion 
of the rotor revolves in the annular gap of a pot-shaped magnet. 
The rotor bell effectively encloses the flux passing radially out- 
wards from the centre pole. A simple magnetizing winding is 
situated in the lower part of the magnet. The space surrounding 


This compares favourably with the basic ratio 


It is suggested that in pumps of different b/c ratio this | 
The side-wall 
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Fig. 11.—Theoretical fringing resistance ratios for conduction pumps, without magnetic field. 
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where V = electrode voltage, J = current density across x-axis, p = resistivity of conducting strip. 


Asymptotic values of these functions and approximations for the range b/c = 0 — 1:5 are given in the Appendix. 


the rotor and brushes is purged with nitrogen to prevent oxida- 
tion of the mercury. Gaco oil-seal rings are provided at the 
shaft and bearings. The nominal rating of the generator is 
10kW, 10000-16000amp at 1-0-0-625 volt. The full-load 
speed is 725r.p.m. Full-load efficiency/current characteristics 
are given in Fig. 13. The diameter of the rotor is 124in. The 
size of the machine tends to be governed more by the voltage 
required than by the current. 

For a large current requirement, a design in which the whole 
centre pole rotates would be adopted, with the current passing 
axially through the magnetic material of the pole. Speeds are 
limited by brush conditions, and for an output of 3 volts the 
cross-section of the rotor current paths and brush rings, mounted 
near the ends of the magnet gap, could accommodate a current 
of 100000amp. For a brush ring of given dimensions the friction 
loss rises approximately as the cube of the speed. For compact- 
ness of generator and driving motor the speed should be as high 
4s acceptable friction losses and brush behaviour permit. A 
jetailed design of a large homopolar generator with mercury 
srush rings has been undertaken for U.K.A.E.A., and it is 


apparent that an overall generator efficiency of 95% can be 
attained in designs of 100kW rating at 2 or 3 volts. With 
induction-motor drive a conversion efficiency of 90% from a.c. 
to d.c. can be realized. 

Copper is the preferred material for the brush rings, which 
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Fig. 12.—Homopolar generator with mercury brush rings. 
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Fig. 13.—Efficiency/current characteristics for homopolar generator 
at 1OkW output. 


(a) Generator efficiency, field losses neglected. 

(b) Generator efficiency, including excitation power. 

(c) Average drive efficiency, derived from (a) and (d). 

(d) Conyersion efficiency, a.c. to d.c. (generator-output/motor-input). 


may be operated at quite high current densities near the collect- 
ing surfaces. All copper surfaces which are in contact with 
mercury must be protected by a layer of nickel plating, with a 
rhodium finish on all surfaces through which current passes. 
In the brush channels a thick layer of hard nickel plating with- 
stands the erosive action of the fast-flowing mercury. The 
rhodium finish makes excellent electrical contact with this 
liquid metal, as it is free of oxide films. It has been found that 
a clamped rhodium-plated joint wetted by mercury during 
assembly exhibits practically zero contact resistance. 
Metal-rectifier sets have been considered for d.c. pump supply, 
but for a reactor power plant requiring upwards of a million 
amperes at two or three volts the size of selenium and copper- 
oxide rectifiers would be quite prohibitive. Germanium offers 
much better compactness of rectifier elements, and improved 
efficiency; but nevertheless the size of an installation complete 
with transformers, voltage controllers, interconnections and 
cooling arrangements would be considerably greater than the 
equivalent in homopolar generators with direct-coupled induc- 
tion motors operating from an h.v. supply. When developed 
into a production form the cost of motor-generator sets should 
be less. Reliability and ease of routine servicing would be 
comparable, assuming generators connected to the pump through 
the shielding. Silicon offers even greater compactness of rectifier 
elements and can withstand higher operating temperatures, but 
the voltage drop is noticeably greater than in germanium 
junctions. Taking 1 volt as a reasonable figure for the overall 
equivalent voltage drop in a germanium rectifier installation, 
the conversion efficiency at 3 volts output is 75°%%. This com- 
pares with 90% cited for the large homopolar generators and 
driving motors. With a pump and busbar efficiency of 40% 
the overall efficiencies are 30% and 36% respectively. The 
equivalent internal voltage drop in the motor-generator sets at 
3 volts output is 0-33 volt. Thus the difference in power input 
required is 670kW per million amperes d.c. required by the 
pumps. This figure is obviously quite significant and compares 


with a total input to motor-generator sets of 3-3 MW per million 
amperes d.c. output. The short-term overload characteristics of 
the generator are good, but germanium rectifier units must be) 
carefully protected from excessive loads as they are very sus-) 
ceptible to damage through over-heating.' | 

} 


(6) POLYPHASE TRAVELLING-FIELD INDUCTION PUMPS | 

There are two principal forms of polyphase linear induction | 
pump suitable for large flows of liquid metal, one having a flat 
rectangular channel (Flip), and the other an annular pumping 
duct (Alip). The basic principles of operation and theory of 
design have been given elsewhere.* 13-14 Currents are set up 
in the liquid ‘rotor’ by the transformer-type action of a travelling 
wave of flux produced by a polyphase multi-pole winding. 
Although the principle of operation is similar to that of the 
orthodox induction motor, the design theory is different because 
of the relatively large magnetizing component of stator current, 
the low limit to maximum possible gap field, the almost com- 
pletely resistive nature of the rotor circuits and the occurrence 
of an end effect and wall losses. 

The performance of induction pumps is especially sensitive to 
the resistivity of the liquid metal to be pumped. This is asso- 
ciated with the low value of maximum gap field which can be 
produced by the slotted type of winding with large gap length. 
The greater the resistivity of the liquid the stronger is the field 
required to induce adequate voltages and currents. Thus 
both power rating and efficiency attainable are reduced with 
the high-resistivity liquid metals, lead, bismuth and mercury. 
Performance with pure sodium is very good, and with sodium- 
potassium alloy is generally acceptable. An operating effiz 
ciency of over 40% has been attained in large pumps handling 
sodium. Alkali metals are of low density and so high flow 
speeds, in excess of 30ft/s, may be adopted. High flow speeds 
would help the electrical design for high-resistivity liquid metals, 
but as these are an order of magnitude greater in density the 
hydraulic losses are much more significant, and flow speeds 
might be limited to about 15ft/s. In general, induction pumps 
are not suitable for pumping lead and bismuth on grounds of 
poor power rating and efficiency and the high pumping tem- 
perature required. 

When designing linear induction pumps for sodium there is an 
obvious advantage in using a standard-frequency a.c. supply, and 
it has been shown that satisfactory designs may be evolved at 
around 5Oc/s.2,!5_ For sodium a simple procedure may be 
followed in deriving the pole pitch and flow speed for a design 
in which maximum developed power and maximum efficiency 
for the fully-wound pumping length occur together. In such a 
design the power and magnetizing components of the stator 
current are equal and the internal phase angle ¢ is 45° 
[Fig. 14(a)]. The relationships are as follows: 


15" = cot $ = sk(1+*) oO ee 
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The appropriate value of K is related to the wall/iiquid 
conductivity ratio X: 


K = Ky = (x? $2042 ce 
(10) 
The appropriate slip s, is also derived from X: 
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Fig. 14.—Linear induction pumps: vector diagrams for components of 
stator current wave J; in terms of non-dimensional parameters. 


(a) Optimum s and K. 
(6) Near maximum of h. 


Hence, ht >= Yim >= hice 28, : (12) 


u=(1—s)fa (13) 


These equations define unique values of pole pitch, A/2, and 
flow speed, u, for any given value of X¥. The stator current 
loading is assumed constant and independent of pole pitch. 

_ In the usual practical case, that value of A is required which 
will give the maximum rate of head rise for any chosen flow 
speed and channel cross-section. In the case of sodium, 
practical flow speeds correspond quite closely to the speed 
defined above, but for maximum rate of head rise, A is increased 
and ¢ is near 30°. From theoretical considerations it has been 
shown!> that, in the general case, ¢ will be about 30° for the 
value of A giving maximum rate of head rise with flow speed 
and channel cross-section assumed constant [Fig. 14(b)]. With 
current loading assumed constant, ¢ lies between 30° and 40°. 
Allowing for the slow rise in permissible current loading with A 
increasing, the maximum condition occurs near ¢ = 30°. To 
discover the appropriate value of 4, this value of ¢ can be taken 
as the starting-point in the calculations. wu and ¢ having been 
defined, eqns. (7), (8) and (13) may be solved for s K and A. 


2XI, si 
Hence B,, =— on 
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where J,, the equivalent stator surface current density, is defined 
in terms of current loading A and winding factor k,, (approxi- 
mately unity). 

For a 3-phase winding: 


(14) 


I, = \/2Aky (15) 
sK sK 
= =. 16 
Also: Ze 1 ‘a K*(s a xy 1 ac cot? d ( ) 
A ; ; 
h = 3:68. xX 10-7 I7Z, 1b/in’ perin . (17) 
Zo = — 5)Zp (18) 
f® 27 19-3 

Do = —17Z)10-* watts per square 

& centimetre of pole face (19) 


These initial values of A and / having been determined for the 
shosen flow speed and channel cross-section, a short range of 


values of A and A may be quickly established to show where the 
maximum value of h occurs. Taking values of X near the first, 
slip is obtained from eqn. (13), tube efficiency from eqn. (2), 
K from eqn. (8) and ¢ from eqn. (7). The specific head rise is 
then calculated from eqns. (16) and (17), the value of J, being 
adjusted to allow for any variation in permissible current loading 
with A. From the specific head rise must be subtracted the 
specific hydraulic loss, which is constant for any chosen flow 
speed and channel cross-section. Diffuser losses may be esti- 
mated, together with hydraulic loss under the partiaily wound 
poles. The performance of the end poles with graded windings 
must be separately assessed.? The value of A is chosen so that 
for the total head required the effective length is an integral, and 
usually an odd, number of pole pitches, A/2, with a specific head 
rise near the maximum value. An empirical factor may also be 
included to allow for secondary influences. 

A number of different flow speeds and channel! cross-sections 
would be studied in order to include hydraulic friction and 
stator losses in the optimization process. Values of maximum 
gap field must be checked to see that no serious degree of core 
or tooth saturation is incurred. Where values of B,, are exces- 
sive, ¢, and hence J,,, must be reduced. This will be found to 
occur with liquid metals of greater resistivity than sodium, for 
which p is 15-20 microhm-cm. 


(7) OTHER LARGE ELECTROMAGNETIC PUMPS 

Three other forms of electromagnetic pump have been pro- 
posed for large flows of liquid metal. The polyphase centrifugal 
induction pump is a variant of the linear induction pumps, and it 
would possibly offer a more compact arrangement if really high 
pressures were required. Such a pump should always be com- 
pared with d.c. forms, as, given adequate current supply, these 
are well able to provide high pressures and would be more 
efficient. 

Various arrangements of travelling-field pump with d.c.- 
energized poles have been tried, including small centrifugal 
models. Perhaps the most promising are the arrangements in 
which the liquid metal flows through a hoop-shaped duct under 
the action of mechanically rotated, d.c.-energized poles adjacent 
to the wider walls of the duct.!© Stronger gap fields and wider 
gaps can be provided with d.c. poles, and this should offer 
advantages in pressure rise and compactness of duct as compared 
with polyphase linear induction pumps. A serious disadvantage 
is that the pole structure cannot provide any mechanical support 
for the duct, which must therefore be of a more substantial 
nature. The presence of bearings and mechanically-moved parts 
is a disadvantage in a reactor primary-coolant circuit, although 
these are at least outside the liquid metal ducting, in contrast to 
the mechanical impeller pump, which has moving parts and 
usually one bearing in the liquid metal. The temperatures of 
liquid metal which could be handled would be governed more 
by duct strength and material properties than by the insulation 
limits of the d.c. poles. 

The development of large a.c. conduction pumps operated from 
a very-low-frequency supply has also been proposed.'7 At mains 
frequency, conduction pumps are useful in small sizes, but in 
large sizes the single-channel form would have a prohibitive 
eddy-current loss. As the frequency is reduced this component 
diminishes and the d.c. condition is approached at very low 
frequencies, there being a marked improvement in efficiency. 
The eddy-current component and losses vary inversely with 
liquid-metal resistivity, so the most promising designs are 
obtained for lead, bismuth and mercury. However, when com- 
pared with its d.c. counterpart, there is a low-frequency supply 
problem to be met which is certainly not simpler than the 
development of homopolar generators. The low-frequency 
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transformers are placed next to the pump so as to keep busbar 
losses down, and they have the advantage of requiring only 
relatively light current leads through the primary shielding of 
the reactor. The bulk of low-frequency transformers required 
for large pumps operated at about 2c/s is inevitably greater than 
the equivalent in d.c. connections taken through the shield. 
With homopolar generators outside the shielding the servicing 
problem would be little different from that of the low-frequency 
system; it would be quite feasible to change generators at the 
busbar terminals if the need should ever arise. The low- 
frequency transformer also has an insulation requirement which 
would be particularly difficult to meet in a region of high tem- 
perature and intense radiation; cooling would be complicated. 
Further, while the output of d.c. pumps is smooth, that of the 
low-frequency system would be pulsating. 


(8) SMALL LABORATORY PUMPS 


D.C. and single-phase a.c. pumps have been widely used in 
* laboratory work requiring flow rates from less than 1g.p.m. to 
10 or 20g.p.m. Small d.c. pumps are especially suitable for 
high temperatures and can generally produce more pressure per 
unit. A series-wound d.c. pump for bismuth!® !9 at 500°C has 
been designed and has produced a pressure rise of 501b/in? with 
a flow of 10g.p.m. It required a current of 4800amp, which 
would normally be obtained from a compact mobile rectifier set. 
A.C. conduction pumps with combined transformers!” 2° are 
very popular as they incorporate their own high-current source 
in the most convenient form possible. A typical rating would 
be 10-14g.p.m. with 141b/in? pressure rise at full flow. There 
are many variations of a.c. conduction pump with and without 
combined transformer. 

Other types of pump suitable for small flows include the spiral 
induction pump, Sip, and miniature forms of the linear induction 
pumps, Flip and Alip, with simplified windings. The latter may 
be more convenient than the a.c. conduction pumps when flow 
rates exceed 20 or 30g.p.m. in alkali-metal experiments. D.C. 
pumps may be built in all sizes, although for laboratory purposes 
it is desirable to keep the current required per unit below 
10000amp. Small loops for high-temperature metallurgical 
investigations may require less than 2000amp, and this current 
can be handled very conveniently. The spiral induction pump 
is suitable for laboratory loops requiring high pressures up to 
1001b/in? or more. Like Flip and Alip, it is susceptible to liquid- 
metal resistivity, and the helical form of channel with axial 
current flow requires good wetting over the spiral contact surfaces. 
Thus it is best suited for the alkali metals. 

Conduction pumps are the simplest to construct and can 
readily be adapted for high-temperature operation. A.C. 
forms would usually be selected for low-pressure requirements 
and small d.c. conduction pumps for the higher pressures, say 
301b/in? and above. Where wetting between the tube material 
and liquid metal is uncertain, d.c. units are to be preferred, as 
the supply current and voltage can be more readily adjusted to 
overcome contact resistance sufficient to seriously affect an a.c. 
conduction pump with restricted secondary voltage. This is a 
problem encountered in laboratory work where the experiment 
may dictate the choice of materials. In large loops where 
efficiency matters, good contact must be assured by an appro- 
priate choice of materials and wetting technique. The miniature 
Alip has no contact problem, but is suitable only for low-pressure 
requirements. 


(9) CONCLUSION 
Electromagnetic pumps are being developed for the growing 
nuclear power industry as tools for the laboratory and motive 
power for different types of liquid-metal cooled or fuelled 


reactor. Large-scale development is required to bring the 
engineering design and manufacture beyond the experimental or 
prototype stage. This may be expected to yield electromagnetic 
units which are very reliable and require no servicing. In this | 
respect they offer a more satisfactory answer to propulsion 
problems than can be expected with mechanical pumps. In the 
case of high-resistivity liquid metals, mechanical pumps have an 
advantage in efficiency, perhaps 65% compared with 35% over- 
all, but practical convenience and dependability are of first 
importance. In the case of alkali metals the efficiencies are 
closer, and the difference is scarcely significant at the lower 
pump power required. In terms of bulk and power/weight 
ratio, large mechanical pumps do not appear to offer any 
advantage over suitably-designed electromagnetic pumps. The 
cost of the latter has been said to be much higher, but there 
would seem to be little reason for this in production-line units 
with a large field of application. From the reactor designer’s 
point of view there is every prospect that his liquid-metal pump- 
ing problem can be met. 
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(12) APPENDIX* 3 
(12.1) Fringing Resistance Ratios for Conduction Pumps: 
Asymptotic Values 


For pumps with long electrodes, b/c tending to zero, 
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* The Appendix was received 17th January, 1959. 
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These formulae are correct to 3 decimal places over the range 
b/c = 0 — 1-0, and to 2 decimal places in the range bla 0 
— 1-5. Ratios for most practical cases can, therefore, be 
readily calculated. 

The asymptotic values for pumps with very short electrodes 
are given for interest. As b/c tends to infinity, or c/b to zero, 
nie? 8 b 
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These formulae apply to within 4% provided b/c is not less 
than 18. 
In all cases, by definition, 1/r = 1/r; + 1/ro. 


(12.2) Alternative Equivalent Circuit for D.C. Pump 


The equivalent circuit for the d.c. pump shown in Fig. 10 and 
derived in Reference 7 is particularly well suited to the optimiza- 
tion theory outlined in Section 3. It can also be readily adapted 
for the extrapolation of results obtained with a particular pump 
to designs of different b/c ratio. It should be mentioned, how- 
ever, that the liquid-metal current paths can also be represented 
by combinations of electric motors operating in parallel, with 
circulating currents superimposed on the main electrode supply. 
In the simplest case there would be two motors, one having a 
back e.m.f. and field corresponding to the full value of the 
e.m.f. and field between the pump electrodes, and the other 
having reduced values of e.m.f. and field, say mE and mB. The 
internal resistances of the two motors would also differ, say Ry 
and R,, but the combined resistance of R; in parallel with R, 
would be equal to the total liquid-metal resistance between the 
electrodes. This circuit, with wall resistance R, in parallel, can 
adequately represent the behaviour of a given pump, but has not 
been found as suitable as the circuit in Fig. 10 for extrapolation 
to designs of different b/c ratio. 
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‘THIS EXCITING INDUSTRY’ 
(Asstract of Address delivered at LivERPOOL 6th October, 1958.) | 


The rate of development and expansion in the electrical 
engineering industry has always been fast, but there can have 
been no time in its history when events have moved with quite 
such speed as at present. It used to be the fashion for the older 
generation to look back longingly and to say with some nostalgia, 
‘Things are not what they were in my young days’. 

This is indeed true of our industry, but in our case there should 
be no need to sigh for the past but rather to count oneself 
fortunate to be in the industry at such a time and to have the 
opportunity to play a part, however small, in its further develop- 
ment. Itis for mean honour that you have elected me Chairman 
at such a time, and a privilege to attempt in this address to 
comment on some aspects of this exciting industry which can 
influence this development. 


Scope and Training 


There has never been a time when so much attention has been 
given to the subject of technical education. The scope of our 
industry and associated activities includes: 


Development and manufacture of equipment for generation, 
transmission, distribution and utilization of electrical energy. 
Design, construction and operation of generating ‘stations and 

electricity supply systems. 

Development and manufacture of radio, television and telecom- 
munication apparatus and the operation of services using it by 
B.B.C., I.T.V., Post Office and oversea authorities. 

Electronic and radar apparatus and specialized medical apparatus. 

Railway electrification, marine works and aircraft electrical 
equipment. 

Mining work, steel works, chemical and electrolytic applications. 

Domestic appliances, canteen and hotel equipment. 

Electrical installation work and apparatus for the installation 
engineer. 

Iluminating engineering. 

Apparatus for the Royal Navy, Army and Royal Air Force and 
equipment for Government Departments, Ministry of Supply, 
D.S.LR., and U.K.A.E.A., etc. 


Consulting engineering work. 
Teaching of electrical engineering subjects. 


Thus the intending entrant into the profession has to-day no 
lack of choice of career, and the increased complexity has been 
recognized by our Institution in its sponsorship of the Joint 
Committee on Practical Training in the Electrical Engineering 
Industry and the reports of that body on the two main ways to 
qualify for professional electrical engineering status, namely the 
university and graduate apprenticeship, or the college of tech- 
nology and student apprenticeship. 

Careers conventions abound, newspapers carry an enormous 
volume of advertisements offering attractive appointments, 
intending employers send interviewing panels round the uni- 
versities and colleges to sign up students before they have 
qualified, and the Press constantly exhorts us to increase our 
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rate of training of engineers and scientists if we do not wish to — 
be left behind in the race with other countries. 

This is the atmosphere in which the modern young man has 
to make his decision to enter into a technical career, and in 
electrical engineering I have outlined the considerable if not — 
bewildering choice of interests which confronts him. 


Attractions and Needs 


It was with such ideas in mind that I came to consider what © 
were the thoughts and influences which prompted me into elec- _ 
trical engineering, and to compare them with to-day. I was 
interested in electric traction and locomotives. The Electricity — 
Act of 1926 had become effective and the Weir Committee had _ 
recommended the electrification of the railways. The national: | 
Grid scheme was under way, and power lines to link the great 
centres were making their appearance. These were great and © 
imaginative schemes. | 

To-day, the appeal of engineering is still that of the great 
project. The possibility of being concerned with some enter- | 
prise of major importance is still a factor, but no longer does the © 
budding engineer have to coax firms to give him an apprentice- | 
ship—they are all looking for him. To-day electric traction is — 
again the centre of some interest, but the real spotlight of popular 
publicity tends to be on subjects qualified by such words as — 
‘electronic’ or ‘nuclear’. These are the items which tend to-day 
to be top of the bill and to fire the imagination of the entrant 
into electrical engineering and sometimes to make him feel that 
unless he is in some such activity he is probably wasting his — 
talents. 

Now these activities do occupy an extremely important posi- 
tion in our electrical industry. Calder Hall, the nuclear power 
programme at home and the British display at the Geneva Con- 
ference on the Peaceful Uses of Atomic Energy, have all shown 
that we are in a leading position and must stay there. Neverthe- 
less, a great part of any nuclear generating station is what can be 
termed traditional equipment. Its output is going to be trans- 
mitted, distributed and used by traditional apparatus, and in 
these fields, although much has already been achieved, there 
remain great opportunities for original and imaginative approach. 

The attractions of the new fields must not be allowed to 
overshadow the traditional, which also need an influx of the best 
possible talent. Some such talent and thought has already been 
brought to bear with good effect, but there are many ways in 
which new thought and inspiration could benefit our national 
effort and improve our competitive position. How to get the 
best brains on to this sort of work and to bring home to young 
men that there are many fields of an apparently mundane 
character which can be interesting and exciting and carry their 
own sense of ‘something done’ is an extremely difficult task. I 
am quite sure, however, that it is of immense importance, and if 
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f . . . 
can succeed in stimulating thought along these lines and in 


etting more people busy on the problem I shall have succeeded 
1 my immediate purpose. 


Educational Influences 


The increasingly close links between our universities and all 
ections of the electrical industry provide one immediate Way in 
yhich the seemingly ordinary needs of our industry can be 
rought to the notice of those in a position to help and to 
afluence young trainee engineers towards these matters. More 
s also to be hoped for in the increasing popularity of works- 
ased sandwich course training schemes in conjunction with the 
olleges of technology. The place and need for the researchist 
s clear and fully supported by industry, but are we doing enough 
o link the practical and detailed activities of our industry with 
he work of the men in training? Could we not with advantage 
ting home sooner to our students some of the problems we 
lave to solve, and in this way secure not only their immediate 
nterest but a lasting desire to make such work their career? 

I believe that the young engineer looking for a rewarding 
eeling of something achieved could be made to obtain this as 
nuch from designing a more efficient and more economic rural 
ransformer bringing electricity supply to those who would 
‘therwise be denied, as from some more abstract project. In 
he same way another might come to feel a great sense of satis- 
action out of so presenting a tender for British equipment as 
O secure a contract which would otherwise have gone to some 
oreign competitor. We must show the young engineer how he 
an apply himself to such matters and, in finding better ways of 
loing them, benefit the whole nation by improving our technical 
nd competitive position. These are things which can be made 
o have an appeal to the young man of imagination and vision, 
nd our need is for just such men. 

There are those who feel that our need for technical man-power 
s such that we must go in for specialization at an early age, but 
ny Own view is the opposite: we must encourage the broadest 
ossible training to produce engineers capable of appreciating 
he part they have to play in the community of to-day, and of 
he effect on our development and prosperity of their work and 
yf their decisions. 

Sir Eric Ashby has said, ‘The technologist has to make some- 
hing which requires as its ingredients not only science but an 
mderstanding of popular art and commerce, of psychology, 
omething of morals and justice and skill in the art of com- 
nunication’. This is an excellent definition of the work and 
lature of the engineer we need to-day, and such men will find in 
he fields of traditional electrical engineering the scope and 
nterest which comes from a pooling of ideas and shared experi- 
nce, whether they be engaged in manufacturing or utilization, 
yr supply or in consulting service. 

It is only when we get men from all these fields pooling their 
deas and experience that we really get the maximum impact of 
ur electrical engineering talent on the problems of the day. 


Co-operation within the Industry 


Large-scale projects which come to mind as examples of 
ombined effort on the part of the various interests concerned, 
nd which have had or will have a considerable influence on 
uture practice, include the development of the Grid scheme and 
he equipment for it. The implementation of this part of the 
Veir Report and the Electricity Act of 1926 involved taking 
yhat must then have been an extremely bold decision to 
‘andardize on a frequency of 50c/s, when at the time nearly 
ne-quarter (1000 MW out of 4300 MW) generating capacity 
nd proportionate connected load was on other frequencies 
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and would consequently have to be changed over. The success- 
ful completion of the change-of-frequency programme is a 
tribute to the pooled resources of the time and is the founda- 
tion of our electricity supply system to-day. 

More recently there is the association between the manu- 
facturing consortia, the U.K.A.E.A. and the C.E.G.B. in the 
development and construction of the world’s largest nuclear 
power production programme. 

There are, however, other and less spectacular examples of 
co-operation which have, in their way, had an effect almost as 
far reaching, such as the preparation of the T.1 specification for 
distribution transformers resulting from collaboration between 
the Electricity Boards and the transformer manufacturers. This 
specification has greatly helped to rationalize transformer pro- 
duction within the range covered, and further progress in this 
field is anticipated. The greater appreciation of each other’s 
problems is made possible by the interchange of apprentices and 
trainees between manufacturing and supply industries, and the 
combination of user and operational experience with manu- 
facturing should be invaluable in helping both interests to solve 
future problems. 

It is very important for the young engineer to realize at an 
early stage that, whatever his job, he may be called upon to 
draw up specifications, to make engineering decisions, and in 
many other ways to take action which could have a very con- 
siderable influence on electrical engineering practice, the accep- 
tance or otherwise of British electrical engineering practice by 
other nations to whom we should like to export, and conse- 
quently the whole field of our electrical engineering industry. 

By getting together at an early stage it should be possible for 
progress to be made enabling manufacturers to adopt standard 
components and assemblies capable of meeting the majority of 
user applications. 

For example, in the switchgear field, manufacturers are all 
familiar with the problems of making practically every switch- 
board as a tailor-made unit. The amount of irreplaceable 
engineering man-hours which have already gone into the prepara- 
tion of specifications, diagrams and drawings, and finally the 
production of the tailor-made equipment itself is prodigious. 

The conservation of our engineering man-power and its better 
utilization cries out for more time and attention being given to 
this problem of devising switchgear components and sub- 
assemblies capable of being put together in a sufficient variety 
of ways to meet all reasonable needs. If we could get some of 
our best young minds on to such problems in the early days of 
their association with the industry and before they are won over 
to apparently more glamorous or spectacular pursuits, the 
whole industry could not fail to benefit. Our film “The Inquiring 
Mind’ has done much to expound the fundamentals and prospects 
of the industry to the schoolboy. I would like to see a similar 
attempt made to pick out for the benefit of young engineers in 
training some of the kind of problems as I have instanced in 
the standardization of switchgear so that they could see at an 
early stage the kind of thing on which their help and ideas are 
needed. In this way it should be possible to create a positive 
interest at the very time at which they are looking for just such 
a lead. 


Possibility for New Approach 


I have referred to switchgear in general terms. In more detail, 
industrial and distribution switchgear is frequently dimensioned 
by the space requirements for the cable entry and termination. 
There is scope for cables needing only very small access space 
and terminals. Do we really need so many relays and meters on 
simple equipments, and if we must have large numbers could they 
not be housed on separate panels so as to avoid complicating the 


106 


design of the basic switch panel, with a consequent benefit to 
production? What relays and meters does the operator really 
require? Is it possible that his real safety requirements could be 
met with simpler isolators, shutter gear and interlocks? There 
is much scope for survey work to co-ordinate the views of the 
various interests involved. 

On distribution transformers there is still scope to take 
advantage of the properties of the newer cold-rolled steels, wire 
coverings and insulating materials, and there is also scope for 
better cooling and heat-transfer arrangements. 

There is scope for the engineer who can see and successfully 
achieve the application in his section of the industry of designs 
and techniques originally developed for another. It is possible 
that the power engineer, whether in manufacturing or supply, 
can learn much from designs developed on the high-output, low- 
weight/volume basis called for in electrical equipment developed 
for aircraft service. 

Wider acceptance of the idea of standardized components 
facilitates the issue of manufacturing instructions for equipment, 
thus calling less upon the services of engineer-draughtsmen and 
leaving them to concentrate on other work. The widest possible 
use can then be made of preprinted circuit diagrams, connection 
diagrams, outline drawings, part lists, etc. 

In these notes I have drawn my examples chiefly from distribu- 
tion equipment, but I have no doubt that you will be able to 
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quote many more examples from your own section of the field 


of traditional electrical engineering. The continued success of 
our export business is dependent upon the achievement of better 
and more easily manufactured designs. Manufacturers can ny 
longer think in terms of detached home and export demands 
The two go together, and each market shares with the manu- 
facturer the benefits of greater production. 

The sales and contracts departments of our manufacturing: 
firms are to-day selling not just the product itself but the skill 
and ability of the design and production engineers who haves 
made it, and, as I have mentioned earlier, both design andi 
production are considerably influenced by what the user demands. 
Thus all sections need the attention of the best brains available, 


for the young electrical engineer going overseas to put niece 


the products of his company can only do so with confiden 
and conviction, and can only carry out his role as the modern 
equivalent of the merchant adventurer of old, if he is arc 
and satisfied that at every stage his product is the combined 
effort of the best engineers the country can produce. | 
It is for these reasons that I hope we shall see as great a: 
deployment as possible of the best of our professional electrical. 


engineering man-power on to the work-a-day problems and acti-. 
vities in the traditional field, and I hope that these comments: 
and the illustrations I have given will help stimulate your thous 


along this direction. 
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Engineers should assume a greater responsibility for a solution 
of the problems thrown up largely by their industry and inventive- 
ness, which have created the highly industrialized civilization of 
to-day. They should make their presence felt more in everyday 
affairs—in industry, public life, Parliament and in cultural 
pursuits. 

They must therefore be educated men in the widest sense of 
the word, with a good knowledge of human achievements in 
science, art, and everything else, and with ability both to deal 
with hard practical realities and to discuss abstract ideas. The 
address is concerned with the place of art in engineering and the 
interdependence and overlapping of management and administra- 
tion, science, technology and cultural pursuits—the word ‘art’ 
being used, not in its narrow sense, but with its original meaning 
of being concerned in every aspect of living. 

Though now acknowledged as being undesirable, the dicho- 
tomy between the sciences and the humanities persists. The 
leaders of the engineering industries are aware of this and have 
pointed out that the remedy lies in the broadening of education 
in the schools and universities, where science must be elevated to 
a place beside Latin and Greek. Equally, pursuit of scientific 
knowledge is no longer sufficient in itself. Science must be 
joined with other disciplines to produce a balanced, informed 
and cultured outlook. Neglect of science by humanists, and of 
the arts by engineers, results in cultural inadequacies in both— 
deficiencies which are felt in industry, commerce, Parliament 
and Government. 

Sir Julian Huxley, writing on the evolutionary destiny of man, 
asserts that society should be so organized as to provide oppor- 


Mr. Milne is with the South Western Electricity Board. 


tunities for the fulfilment of its individual members, through 
adventure and meditation, through the arts, travel and shared 
activity. : 

It is suggested that the practising engineer should interest 
himself in adjoining activities, at work, in advanced management 
and administration, and at leisure, in public service or culture. 
The case is argued for professional engineers to be trained for 
advanced management and administration. They are half-way 
there by reason of their education and training; it only needs 
enlightened management to bridge the gap. Equally, engineers 
must earn the right for enhanced responsibility by broadening 
their studies and interests. 

Great thinkers of the past and present believe that man is 
unique because of his capacity for conceptual thought as distinct 
from the instinct and limited intelligence displayed by animals. 
This is revealed in man’s capacity for art, and they ascribe the 
problems of living to-day to the segregation of the various 
activities of art and the notion that art is not the normal type of 
human. activity. 

Reference is made to the Fourth Graham Clark Lecture by 
Sir Ewart Smith,* in which he urges engineers to acquire a unity 
of knowledge and experience in science, technology, the 
humanities and art. He neatly synthesizes the proposition by 
a graphical illustration of overlapping circles and rectangles 
representing the four disciplines which serves to show their 
interdependence. 

The last part of the address is devoted to the affinity of the 
engineer and the artist, and so-called works of art, industrial 
and everyday objects of utility. 

* Journal I.E.E., 1958, 4, p. 68. 
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SUMMARY 


After discussing the reasons for the production of low weight/power 
ratio locomotives and the influence of high-speed lightweight Diesel 
engines on this ratio, the paper describes a 3300h.p. Diesel-electric 
locomotive with a service weight of 106 tons, and records the experi- 
ence gained in the first 200000 miles of service. 


(1) INTRODUCTION 


(1.1) The Track 


Many railways of the world to-day are faced with the problem 
of improving their services, to compete with other modern 


forms of transport, to meet increased traffic due to national - 


development or to reduce their working expenses. The trend 
is therefore to heavier trains and higher speeds, which require 
more powerful locomotives for operation on existing track or 
track improvements for more efficient locomotive operation. 
The ultimate restriction on the movement of trains on any 
railway system is the track. 

To reduce the cost of the permanent way, many oversea rail- 
ways have been built to poor standards, regardless of the effect 
on train performance. In hilly or undulating country the 
natural contours were foliowed to minimize banks, cuttings, 
bridges and tunnels, while the weight of the rail, the sleeper 
spacing and the ballast were barely sufficient. Some railways 
have been built with no ballast at all. 

Poor permanent way imposes limits on axle load and speed, 
and restricts operation of the train services; cases can be quoted 
where luxury passenger trains with adequate modern motive 
power are unable to compete with road transport even over 
long distances because of the better schedule speeds of the latter. 
Although powerful locomotives can be built to run on poor 
permanent way, they often are of complicated and expensive 
design and are still subject to the speed restrictions imposed by 
the track. Improvements in the permanent way, while obtaining 
better conditions for the locomotive, involve heavy capital 
expenditure. Many railways, particularly those in financial 
difficulty, compromise with the more powerful locomotive as 
being in some measure the less costly way of improving the train 
services. 


(1.2) The Locomotive 


In meeting the demand for more powerful locomotives, the 
designer faces considerable difficulty in keeping the locomotive 
weight within the limits imposed by the track. The charac- 
teristic performance of a Diesel locomotive, shown in Fig. 1, is 
fixed by the engine power output. It normally is defined at the 
high-speed end by the track speed limit and at the other end by 
the limit of adhesion between wheels and rails, and thus ulti- 
mately by the maximum permitted axle load. 

For very heavy freight trains the adhesive weight is of primary 
importance; but for high-speed passenger trains the greatest 


Mr. Cock is with The English Electric Company, Ltd. 


ADHESION 
LIMIT 


TRACTIVE 


Fig. 1.—Typical Diesel locomotive characteristic. 


power possible is required within the permissible axle load. 
Adhesion does not present the same problem on Diesel or electric 
locomotives as it does with steam, since most of the weight, if 
not all, can usually be made adhesive and the torque delivered 
to the driving wheels is even. Generally the problem lies in 
reducing the weight of mechanical parts to accommodate a 
large and heavy power unit without increasing costs in using 
weight-carrying axles which make no contribution to adhesion. 
Mechanical strength must, of course, be preserved, and the 
scope for weight reduction is therefore limited. 


(1.3) High-Speed Diesel Engines 


In recent years, however, the application of high-speed light- 
weight Diesel engines to rail traction has opened a field for 
locomotives of total adhesion, light weight and high power. 
Maximum power in a locomotive of minimum gross weight 
compatible with adhesion requirements results in more effective 
work from the drawbar in proportion to the quantity of fuel 
used, i.e. the lower the weight/power ratio the lower is the fuel 
consumption for the complete train. 

Conventional Diesel-clectric locomotives of comparatively high 
power are equipped with engines running at 600-1000r.p.m. 
Since the weight of a Diesel engine and its associated generator 
is largely dependent on speed, the use of higher-speed engines 
can increase materially the power which can be provided within 
a specified locomotive weight. Moreover, any saving in weight 
of the power unit is, in effect, doubled by the reduction in weight 
of the mechanical parts; for every ton reduction in the power-unit 
weight, approximately a ton can be taken from the mechanical 


parts. 
Savings in both operating and maintenance costs result from 
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the use of lightweight locomotives. Operating economies derive 
directly from the reduced weight to be moved, while reduction in 
maintenance costs, although less tangible, applies to both loco- 
motives and track, since the lighter locomotive clearly results in 
less wear and tear. 

The 3300h.p. locomotive described in the paper, and shown 
as the first item in Table 1, is the most powerful single-unit- 
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Much care has been taken, both by refinements in design and 
the extensive use of light alloys, to keep weight to a minimum 
while maintaining ample strength. 


(3.1) Underframe 


Main longitudinal members extend the full length of the under- 
frame, the inner pair being fabricated flanged girders swept 


Table 1 


TyPICAL DIESEL-ELECTRIC LOCOMOTIVE WEIGHTS 


Country Wheel 


Diesel engine weight Locomotive weight 


Engine weight 


arrangement 


Great Britain 
SA. Be... 


nd 


Rhodesia . 
Queensland 


Diesel locomotive yet built, and its weight/power ratio, 721b/h.p., 
is the best so far achieved in any Diesel locomotive. 


(2) GENERAL DESCRIPTION 


The Deltic locomotive has been designed to operate fast 
passenger and freight services. It has a double-cab full-width 
superstructure mounted on two 3-axle bogies, all axles being 
individually motored. The leading particulars are shown in 
Table 2. 

(2.1) Layout 


Fig. 2 shows the layout of the locomotive. There are two 
Diesel-generator sets with their radiator assemblies mounted in 
the roof above them. Between the power units there is a train- 
heating boiler, with the engine silencers above it and the starting 
batteries on either side. The driving cabs at either end are 
separated from the main power compartment by the control 
cubicles, with access doors on either side. The nose compart- 
ments contain various auxiliary machines, control gear and brake 
equipment. Fuel and water tanks are suspended beneath the 
underframe between the two bogies. 

The mechanical parts, Diesel engines and electrical equipment 
are described in Sections 3-7 inclusive. 


(2.2) Power Transmission 


The electrical power circuit is shown schematically in Fig. 3. 
Notchless control of the power delivered to the road wheels is 
effected by varying the speed of the Diesel engines and the field 
strengths of the generators and traction motors. Automatic 
torque regulators ensure that the electrical demand matches the 
available Diesel-engine output under almost all conditions. 

If the load does not justify the use of both engines, or in case 
of emergency, the locomotive may be operated with only one 
engine, when full tractive effort is available but corresponding 
speeds are reduced. 

The control scheme and equipment are described in more 
detail in Section 6. 


(3) MECHANICAL PARTS 
The mechanical parts comprise the underframe and super- 
structure, fabricated complete as one unit, and the two bogies. 
VoL. 106, PART A. 


L Loco weight 
Specific 4 


a 
DD Ur OO Xo 
Sie Seco aes 
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Table 2 


LEADING PARTICULARS OF LOCOMOTIVE 


Total service weight* 106 tons 
Maximum axle load 18 tons 
Wheel arrangement Co-Co 
Track gauge aA 4ft 84in 
Length over buffers 67 ft 9in 
Width : ae 8 ft 94in 
Height es 12ft 10in 
Total wheelbase .. Se 58 ft 4in 
Rigid wheelbase .. an .. 14ft 4in 
Distance between bogie centres.. 44 ft Oin 
Wheel diameter .. Ss econ Staak 


2 x 1650b.h.p. at 1500r.p.m. 


Diesel-engine rating 
23 4001b at 43:5m.p.h. 
.h. 


Continuous tractive effort 


Maximum service speed. . 105m.p 
Fuel capacity a iy 800 gal 
Train-heating boiler capacity 2000 Ib/h 
Train-heating water capacity 600 gal 


* Including full quantities of fuel, lubricating oil, sand and train-heating water. 


upwards over the bogies, while the outer pair are rolled steel chan- 
nels. These longitudinals are joined by ample cross-members 
with strong reinforcements at the buffer beams. The under- 
frame is plated on the top surface and set down to form wells 
below the power units. The plating is welded oil-tight through- 
out to prevent leakage to the traction motors and cables, drains 
being provided in the wells. 

Four fuel and two boiler-feed-water tanks, suspended on 
flexible mountings from the underframe between the bogies, are 
fabricated from non-corrosive light alloy. The fuel is filtered 
both before entering the tanks and between the tanks and the 
engines. There are equalizing pipes between the four tanks. 
The two water tanks, which are insulated and heated by a steam 
feed from the boiler as protection against freezing, may be filled 
from standard railway water columns, from other types of hose 
or, while the locomotive is running, from track water troughs 
by means of a pick-up device operational in either direction of 
travel. To avoid damage by excessive pressure from direct 
filling, the water is first fed into an open trough from which it 
flows by gravity into the tanks. 

Storage for sand, lubricating oil and engine coolant is provided 
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Fig. 3.—Power schematic. 


SC1,2,3,4 Starting contactors. 

G},2 Main generators. 

GCS}, 2 Generator cut-out switches. 
Mi, 2,3,4.5,6 Traction motors. 

MC, 2,3, 4, 5,6 Traction-motor contactors. 
FDC; 2, 3,4, 5,6 Traction-motor field contactors. 


in 12 sealed-off compartments between the outer and inner 
members of the underframe. These are filled from the body 
sides. 


(3.2) Superstructure 


The complete superstructure, comprising power compartment, 
cabs and nose compartments, is fabricated from rolled-steel 
sections with panelling attached by arc-welding. Light alloys 
are used for the removable roof sections, doors, louvres, tread 
plates and much of the pipework, conduit and ducting. 


(3.2.1) Main Power Compartment. 


The removable roof sections above the major items of equip- 
ment enable the latter to be lifted out when necessary. The 
greater part of the roof is formed to a box section and houses 
the radiators and ancillary equipment for cooling the engine 
circulating water and lubricating oil. Access for maintenance 
of this equipment is obtained via hinged doors both above and 
below. 

The interior finish of the body sides comprises panels of 
expanded ebonite between thin light-alloy sheeting, these panels 
being spaced from the felt-sheet lining of the outer skin. This 
construction provides a considerable degree of sound proofing. 

Louvred intakes, with filters as necessary, are provided in the 
body sides and roof for the combustion air required for the 
engines and boiler and the cooling air for the radiators. 


(3.2.2) Cabs. 


Each cab has two entrance doors, access doors either side of 
a centrally mounted control cubicle to the gangways through the 
power compartment, and a further access door in the front bulk- 
head to the nose compartment. The forward observation 
windows are made of armour-plate glass and sliding windows 
are provided on either side. Each cab has upholstered seats for 
the driver and his assistant, cab heaters beneath each footrest, 


‘CLR Current-limit relay. 
EFR}, 2,3 Earth-fault relays. 
O/L1, 2, 3, 4, 5,6 Overload relays. 


MCS, 2,3 Traction-motor cut-out switches. 
WSR,,>2 Wheel-slip relays (first stage). 
WSR3,4 Wheel-slip relays (second stage). 


and a boiling ring. The interior finish is in light-alloy panelling) 


on the walls and hardboard panelling for the roof, the whole 
being enamelled. 
The driving position is on the left-hand side of the cab, the. 


| 


master controller and train vacuum-brake valve being set to the - 


driver’s right and the independent locomotive air-brake valve to 


the left; an instrument panel and indicator lights are mounted on > 


the facing bulkhead. 

Operation of the master controller varies the power delivered 
to the road wheels, as described in Section 6.1. The vacuum- 
brake valve operates the train brakes directly and the locomotive 
air brakes through a proportional valve. The air-brake valve 
operates the locomotive brakes only. 

The instruments comprise a speedometer, two generator volt- 
meters, main ammeter and three duplex gauges for the com- 
pressed air and vacuum systems. One indicator light for each 
engine and one for each pair of traction-motor blowers glow 
dimly when the respective machines are operating and brightly 
if they shut down. Gauges for the train-heating boiler, the 
water pick-up scoop control and the hand wheel for the parking 
brake are mounted in front of the assistant driver’s seat. Other 
controls include engine start and stop buttons, horn button, 
sanding valve, etc. 


(3.2.3) Nose Compartments 


The nose compartménts have louvred and filtered air intakes 
either side for the traction-motor blowers and compressor; the 
light-alloy roof is removable to permit lifting of the auxiliary 
machines when necessary. 


(3.3) Bogies 
The bogies, each of which has three motored axles, are of 
the equalized type with swing bolsters. - 
The superstructure load is carried on four side bearers on 
each bogie bolster and is transmitted through double-elliptic 
laminated springs to spring planks suspended by long swing-links 
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from the bogie frame. From here 
the load is distributed through four 
sets of helical springs to equalizing 
beams under-slung from the axle 
boxes. 

The bogie frames are of fabricated 
construction, the side members being 
of box section with the transoms and 
head-stocks riveted, with gusset rein- 
forcement, tothem. Traction-motor 
nose suspension brackets on the tran- 
‘soms are arranged for easy removal 
‘so that the motor and wheel set can 
-be dropped out of the bogie without 
‘having to tilt the motor. 

The bolsters are also of fabricated 
construction and have rubber pads 
incorporated in the side bearers for 
insulation against vibration and 
sound. Cooling air for the traction 
motors passes through the hollow 
bogie centre into the bolster and 
thence through leather-bellows con- 
nections to the motors. 

Forged-steel equalizing beams are 
of straight I section to reduce un- 
sprung weight. They are carried in 
stirrups incorporated in the roller- 
bearing axle boxes. The road wheels 
are of solid-disc type. Manganese- 
‘steel liners are fitted to the axle boxes, 
guide faces, bolster rubbing faces, 
side bearers and centre pivots. 
Liners are also fitted to the axle- 
box stirrups and the ends of the 
equalizing beams. 


(3.3.1) Braking and Sanding. 


Independent high-pressure  air- 
brake cylinders operate clasp brakes 
on each wheel, these cylinders being 
mounted above each axle box outside 
the bogie frame, for easy access. 
The brakes on one pair of wheels on 
each bogie may be operated manually 
from the adjacent driving cab for 
parking. 

Sand stored in compartments in 
the underframe (see Section 3.1) is 
delivered to the leading wheels of 
each bogie, according to the direc- 
tion of travel, through flexible pipes 
to allow for bogie movement. Pneu- 
matic ejectors are mounted on the 
underframe. 


‘BC’ crankshaft. 
‘BC’ crankcase. 

. Inlet piston. 

‘B’ cylinder block. 
Exhaust piston. 
‘AB’ crankcase. 

. ‘AB’ crankshaft. 

. Connecting rod. 


PND RW 


(4) DIESEL ENGINES 


Power for the locomotive is provided by two 18-cylinder Deltic 
engines each direct coupled to its associated main generator. 
Particulars of the engine are shown in Table 3 and a sectional 


view is given in Fig. 4. 
(4.1) Background 


The design of the Deltic engine, to an Admiralty specification 
for fast patrol boats, began in 1946. For this application the 


Fig. 4.—Section through Diesel engine. 


9. Crankcase tie-bolt. 17. ‘CA’ crankshaft. 
10. Drain-oil manifold. 18. Pump-drive shaft. 
11. Air-inlet manifolds. 19. Castellated ring-nut. 
12. ‘A’ cylinder block. 20. Cylinder liner. 

13. Fuel-injection pump. 21. ‘C’ cylinder block. 
14. Exhaust manifold. 22. Blower drive shafts. 
15. Engine mounting face. 

16. ‘CA’ crankcase. 


engine has a rating of 2500b.h.p. at 2000r.p.m., this being based 
on a period of 1000 hours between piston withdrawals for ring 
replacements. 

For rail traction, where the duties are very different and a 
longer period between piston withdrawals is required, a rating 
of 1650b.h.p. at 1500r.p.m. was chosen. This was based on a 
minimum period of 5000 hours between piston withdrawals, but 
it is hoped that, as a result of improvements arising from service 
experience, it may be possible to increase this to 10000 hours. 
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(4.2) Basic Design 


The two main factors contributing to the good qualities of the 
engine are the use of the opposed-piston principle and the dis- 
position of the engine in the form of an inverted equilateral 


Table 3 

LEADING PARTICULARS OF DIESEL ENGINE 
Output (at continuous rating) .. 1650b.h.p. 
Number of cylinders : oe Loe 
Bore of cylinders .. i eee oe 
Stroke ae Ae: Tee Xe Zone 
Overall length ats 5); -. 94in 
Overall height a b 3 .. 90in 
Overall width % ae Re aenin 
Crankshaft speed .. < -» 1500r.p.m, 
Piston speed -. 1812 ft/min 
Brake mean effective - pressure .. 80-9 1b/in2 
Fuel consumption .. .. 0°3771b/b.h.p./h 
Lubricating-oil consumption y. 0 Sopints/it 
Dry weight* Ste 9950 1b 


* This weight includes mounting es but ae exhaust system. 


triangle. Thus the engine consists in effect of a combination 
of three single-bank opposed-piston engines using three common 
crankshafts, one at each apex of the triangle, as shown in Fig. 4. 

The opposed-piston design was selected because it provides 
efficient ‘end to end’ scavenging of the cylinders, avoids the use 
of valve gear and dispenses with cylinder-head sealing. These 
advantages are enhanced by the triangular configuration, which 
makes a structure of great inherent rigidity and permits the 
compact grouping of small cylinders, thus combining the advan- 
tages of short engine length and low weight per horsepower. 
The vibration characteristics of this arrangement are good, the 
out-of-balance forces and couples being negligible while tor- 
sionals are completely absent in the running range. 


(4.3) Mounting of Power Unit 


Each engine-generator set is resiliently mounted on the loco- 
motive underframe at three points, one either side of the lower 
crankcase of the engine and the third beneath the generator. 


(4.4) Construction 


The basic engine structure comprises three crankcases and three 
cylinder blocks, the six units being secured together by high- 
tensile-steel bolts which clamp each cylinder block between its 
associated crankcases and also take all the combustion stresses. 


(4.4.1) Crankcase and Main Bearings. 


Each crankcase is a one-piece alloy casting, substantially 
webbed and carrying a crankshaft in thin-wall lead-bronze lead- 
plated main bearings. Each bearing cap is secured by four 
studs and is located in addition by a tie bolt passing transversely 
through it and the crankcase walls on either side. The two 
upper crankcases are identical, but the lower one is deepened in 
section to carry engine bearers and to provide oil drainage for 
the dry-sump lubrication system. The lower crankcase also 
carries the oil pumps and water pump. 


(4.4.2) Crankshafts. 


The two upper crankshafts are identical and rotate clockwise 
viewed from the free end, while the lower one has opposite-hand 
throws and rotates anti-clockwise to obtain the correct phase 
relationship. The crankshafts are machined from steel-alloy 
forgings and are nitrided all over, the bearing surfaces being 
finished by lapping. Each crankshaft is statically balanced and 
fitted with a viscous-type torsional vibration damper. Owing 


to their comparatively short length, the crankshafts have good | 
torsional rigidity. 


(4.4.3) Cylinder Blocks. 

The three cylinder blocks are identical light-alloy monobloc 
castings with integrally cast coolant passages, exhaust ports and | 
air-inlet ducts. 


(4.4.4) Cylinder Liners. 

Machined from hollow steel forgings, the cylinders are of the 
‘wet’ type. The bores are chromium plated, dimple etched and 
finished by lapping. Longitudinal location is provided by a ring 
nut, which clamps a flange on one end of the liner against a 
shoulder in the bore of the cylinder block. Radial location is. 
effected by the injector adaptor, which is screwed through the 
cylinder block into the wall of the liner. 


(4.4.5) Pistons. | 
Each piston comprises an outer body and inner gudgeon pin | 
housing, the two being held together by a circlip. The outer 
body itself is in two parts, a bronze head carrying two compres- 
sion rings being screwed into a lower part of aluminium alloy 
carrying a third compression ring and the three scraper rings. 
The inner member is machined from a high-strength aluminium 
alloy forging and carries the fully-floating hardened-steel gudgeon 
pin. When. assembled, these parts form passages behind the 
piston rings in which lubricating oil is circulated by the piston — 
motion to assist cooling. 


(4.4.6) Connecting Rods. 


Each crankpin carries a pair of forged alloy-steel fork-and+ 
blade connecting rods on thin-wall lead-bronze lead-plated — 
bearings. The exhaust piston is attached to the forked rod 
which carries a nitrided-steel bearing shell containing the thin- 
wall bearing for the crankpin. The inlet piston is attached to 
the blade or plain rod which carries a thin-wall bearing moving 
on the outside of the steel shell held by the forked rod. 


(4.4.7) Camshafts. 


The injection-pump camshafts are enclosed by light-alloy 
casings assembled to the outer faces of the cylinder blocks. 
They are carried in phosphor-bronze bearings lined with white 
metal, and are driven through bevel gearing and short quill-shafts - 
from the crankshaft. The quill shafts incorporate simple vernier 
timing adjustments. 


(4.4.8) Phasing Gear, ’ 


Power is transmitted from the three crankshafts through 
coupling quill-shafts to phasing gears which combine the three 
outputs into a single main output shaft. Idler gears determine 
the direction of rotation. The phasing gear also drives an 
auxiliary power take-off shaft and the engine governor. 


| 
| 


(4.4.9) Scavenge Air Blower. | 


A double-sided single-stage centrifugal blower, mounted on 
the free end of the engine and driven through flexible shafts from 
the upper crankshafts, provides an air flow which completely 
scavenges the combustion chambers and provides a degree of ! 
supercharging. 


(4.5) Injection System 


Fuel is supplied to the injector in each cylinder by an individual 
constant-stroke variable-delivery injection pump. The pumps 
for each cylinder block are’ supplied with fuel from a common 
pressurized fuel line in a system which precludes air locks. Any 
one pump can be removed and replaced by another, correct 
timing and matching being obtained automatically. 
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(4.6) Lubrication System 


Lubrication is on the dry-sump principle with a main oil tank 
incorporated in the underframe. A pressure pump delivers oil 
from this tank through twin full-flow filters to all bearings and 
gears throughout the engine, and the drain oil is returned by a 
scavenge pump via the roof-mounted radiators. Oil for cooling 
the pistons passes from the crankshaft through drillings in the 
connecting rods and gudgeon-pin housing, and is afterwards dis- 
charged through drain holes to the crankcases. The oil flow to 
the scavenge blower bearings is controlled by a metering pump. 


(4.7) Cooling System 


_ Cooling of the engine, apart from the oil cooling of the pistons 
described in Section 4.6, is by circulation of an inhibited water 
coolant. A pump, mounted on the’lower crankcase at the free 
end, circulates the coolant round the cylinder blocks, through a 
thermostatic valve to the roof-mounted radiators or a by-pass 
and so back to the pump intake. A hand transfer pump is 
fitted to enable the header tank to be replenished from the 
reserve tank in the underframe (see Section 3.1). 


(5) GENERATORS AND TRACTION MOTORS 


(5.1) Main Generators 


Each of the two main generators is flange mounted to its 
associated Diesel engine, the armature shaft being directly 
coupled to the engine output shaft, the coupling forming also 
the hub of the generator cooling fan. The armature is supported 
by a self-aligning roller bearing at the commutator end and by 
the final drive bearing in the engine phasing box at the other. 

The field system comprises six main poles, six interpoles and 
a compensating winding. The main poles have two windings, 
One separately excited from the auxiliary generator under the 
control of the torque regulator, and the other, used only when 
motoring the generator to start the engine, series excited. 


(5.2) Auxiliary Generators 


Auxiliary generators, mounted above each main generator, are 
conventional 4-pole machines providing a constant 110-volt 
supply for main-generator excitation, auxiliary machines, control 
gear, lighting, heating and other services. They are driven from 
the engine phasing box at a speed 1-68 times that of the main 
generator; in normal operation the load is shared between the 
two, but either can carry the full auxiliary load with only one 
engine running. 


(5.3) Traction Motors 


The six traction motors, three to each bogie, are axle-hung 
and nose-suspended, the suspension bearings being of the white- 
metal sleeve type. The drive to the road wheels is. through 
straight spur gearing with a ratio of 59:21. The motors are 
force-ventilated 6-pole series machines with lap-wound arma- 
tures. Field weakening in two stages down to 50% for two 
engine working or 30% for single engine working is obtained by 
shunting the field windings with suitable resistors. 


(6) CONTROL GEAR 


The bulk of the control gear, apart from the actual driving 
controls in the cab, is housed in the two cubicles forming the 
partitions between the cabs and main power compartment and 
in the nose ends. 


(6.1) Power Control 


Operation of either of the two master controllers by the driver 
sets the power circuits and controls the power delivered to the 


road wheels. The master controllers each have two operating 
handles—a ‘master switch handle’ and a ‘control handle’—but 
only one ‘master key’ for locking both controllers. 

The master switch handle has four positions, namely ‘off i 
‘forward’, ‘engine only’ and ‘reverse’. In the ‘engine only’ 
position, the Diesel engines may be started and their speeds 
regulated for testing, etc., but the main power circuits are not 
completed. With the master switch handle in the ‘forward’ or 
‘reverse’ positions, initial control-handle movement completes 
the power circuits, after which further movement steadily 
increases the power output from the generators. 

Mechanical interlocking ensures that the master key can be 
inserted or withdrawn only when both handles are at ‘off’ and 
also that the master switch handle can be moved only when the 
control handle is at ‘off’. 

The control handle itself has two marked positions, namely 
‘off? and ‘1’. The power circuits are made in notch ‘1’ and 
further movement provides notchless control. Cam-operated 
contacts set the power circuits, but power is controlled by a 
self-lapping air valve in the controller base which varies the air 
pressure to an actuator on the engine governor. This hydraulic 
governor so controls the fuel admission that the maximum per- 
missible torque at any given engine speed is not exceeded. The 
governor law for the engine is shown in Fig. 6. Cam-operated 
switches on the governor detect any over- or under-loading of 
the engine and initiate correction by variation of generator field 
strength by the torque regulator. Engine speed is not affected 
by the first part of the control-handle movement, and the 
governor switches only are operated to increase the generator 
field strength, thus giving a very fine control in the lower power 
range. Having thus built up to the maximum power obtainable 
at the idling speed of the engines, further movement of the control 
handle steadily increases the Diesel-engine speed while the 
torque regulator, under the control of the governor switches, 
ensures that the generator and traction-motor field strengths are 
adjusted to match the electrical load to the available engine 
output. This system gives smooth control of the power delivered 
to the road wheels under all conditions, and, since the Diesel 
engines are operating always at the lowest speed commensurate 
with the power required, engine wear is kept to a minimum. 


(6.2) Torque Regulator 


Each power unit has its own torque regulator, and the two 
operate independently of one another. The regulator comprises 
essentially a series of contacts arranged concentrically round a 
motor-driven shaft carrying an arm with a roller which closes 
the contacts in turn thus progressively cutting out, or introducing, 
resistance in the main-generator field circuit. When all resis- 
tance has been cut out, other contacts operated by cams on the 
regulator shaft introduce field weakening of the traction motors. 
The corresponding pair of these latter contacts on each of the 
two regulators are in series, so that field weakening of the traction 
motors can be introduced only if the load on both Diesel engines 
permits. Further contacts at each end of the main system act 
as limit switches to stop the regulator driving motor. 

The regulator-motor field is permanently excited, while the 
armature is fed by a circuit through the governor switches, 
which, by controlling the polarity of the supply, cause the 
armature to rotate in the appropriate direction to initiate 
strengthening or weakening of the main-generator field. 


(6.3) Protective Devices 


(6.3.1) Wheel Slip. 
Protection against wheel slip is provided in three stages. The 
arrangement of the six traction motors in three parallel strings 
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of two in series with the mid-points linked inherently reduces 
tendency to slip. However, if slip does occur, current relays 
in each equalizer link apply corrective action in two stages. 
Normally there will be no current in the equalizer links, but slip 
will cause a small current to circulate and operate one of the 
relays, sounding an alarm in the cab and reducing the field 
strength of the main generators. Increased slip will operate the 
second relay, opening the traction circuits and reducing the 
speeds of the Diesel engines to idling. In the latter case the 
driver must return the control handle to ‘off’ before power can 
be restored. 


(6.3.2) Engine. 

A series of pressure- and temperature-operated switches pro- 
tects each engine from loss of [ubricating-oil pressure, high 
temperature of coolant and low level of coolant. A pressure 
switch incorporated in the governor ensures that the engine 
cannot run below its minimum designed speed while on load. 


(6.3.3) Electrical. 

The main power circuits are protected by overload relays, 
three with current coils only and three with current and earth- 
fault coils. The relays open the main-generator field circuits 
and traction-motor contactors, and reduce the Diesel-engine 
speed to idling. 

Warning lamps in the cab glow brightly if the traction-motor 
blowers cease running. 


(6.3.4) Fire. 

Detectors, mounted at various points in the locomotive roof, 
give audible indication in the cab of a sudden increase in tem- 
perature caused by fire. If this cannot be controlled by the 
hand extinguishers, operation of a handle in the driver’s cab 
sprays the locomotive body throughout with carbon dioxide 
released from jets in the roof, fed from bottles mounted in either 
end of the main power compartment. 


(6.4) Cut-Out Switches 
(6.4.1) Generator. 

Manually-operated cam-type group switches normally connect 
the two main generators in series, but, to operate the locomotive 
on only one power unit, the cut-out switch of the other generator 
is thrown to provide a by-pass circuit, the remaining power unit 
feeding all six traction motors to deliver full tractive effort 
although at a reduced locomotive speed. 

Normally the auxiliary load is shared between the two auxiliary 
generators, but with only one power unit operating, all the 
auxiliary load is transferred to the active auxiliary generator by 
means of contacts on the cut-out switch. 

The cut-out switches are interlocked with the master controller 
at ‘off’. 

(6.4.2) Traction Motor. 


In the event of a fault on a traction motor, a pair of motors 
may be isolated from the equalizer link by operation of a blade- 
type cut-out switch. Auxiliary contacts on this switch interrupt 
the circuit to the associated motor contactors. 


(7) AUXILIARY EQUIPMENT 


(7.1) Electrically Driven Auxiliaries 
(7.1.1) Compressor. 


A motor-driven reciprocating compressor mounted in No. 1 
nose end supplies air for operation of the locomotive brakes, 
sanders, control gear, horns, etc. The compressor motor is 
automatically switched off or on as required under the control 
of a compressor governor. 


COCK: THE DELTIC LOCOMOTIVE 


(7.1.2) Exhauster. 

Vacuum for the train brakes is maintained by a continuously- | 
running 2-speed motor-driven rotary exhauster mounted in| 
No. 2 nose end; the higher speed assists in quick brake release. 
If, when the locomotive is operating normally with both power 
units, the unit supplying the exhauster motor shuts down under 
fault conditions, an arrangement of change-over contactors | 
automatically switches the exhauster motor to the active auxiliary 
generator to prevent automatic brake application if the exhauster 
stops running. 


(7.1.3) Traction-Motor Blowers. 

Two traction-motor blowers are mounted in each nose end of 
the locomotive, each pair supplying air to the three traction 
motors in the adjacent bogie and one main generator. External 
cooling air is drawn through filters in the locomotive body sides. 


(7.1.4) Miscellaneous Small Electrical Machines. 


Various small motors drive the fuel-supply pumps, torque. 
regulators, train-heating-boiler auxiliaries and cab-heater fans. 


(7.2) Radiator-Fan Drives 


Two roof-mounted radiator fans for each engine are driven 
from their respective engines through a system of gears and 
shafts, with centrifugal clutches to reduce the inertia load. 


(7.3) Train-Heating Boiler 


Steam for train heating is generated in a few minutes from. 
cold by an oil-fired boiler with a maximum capacity of 20001b/h, | 
automatic control maintaining a steam pressure of between 70 
and 80lb/in?. Compressed air is used for atomization of the 
fuel, while the blower, fuel pump, water pump and ignition are 
operated electrically. 


(8) PERFORMANCE 


The performance particulars of the complete locomotive with 
both engines running are given in Fig. 5. The upper portion. 
shows the tractive effort available at various road speeds, the 
former being limited by strength of the drawbar rather than 
adhesion or electrical characteristics. The lower part indicates 
the trailing loads which may be worked on various gradients, 
these curves being based on values of locomotive and train 
resistance determined by the dynamometer-car trials. 

The locomotive characteristic is, in effect, a combination of 
the characteristics of the prime mover and the transmission. 
Figs. 6-8 give these characteristics for the Diesel engine, main 
generator and traction motor respectively. It may be seen 
from Fig. 6 that the governor law permits variation of engine 
power at any given speed within certain set limits. The ‘mid 
law’ figures, with the auxiliary load power subtracted, have been 
used in deriving the other curves. The utilization of engine 
power is shown schematically in Fig. 9. 

Operating on one power unit, the locomotive performance is 
not directly proportional to that shown in Fig. 5, since the field 
weakening of the traction motors is altered to raise the road 
speed corresponding to the unloading point of the main generator. 


(9) SUMMARY OF SERVICE 1955-58 
The locomotive entered traction service on British Railways in 
October, 1955, and from then until August, 1956, was principally 
engaged in working fast freight trains at night between Liverpool 
and London. A series of dynamometer-car trials was carried 


out in August and September, 1956, between Carlisle and 
Skipton. 


as: 
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cs Newer tiie sleeper trains at night. 
In May, 1957, it reverted to the London-Liverpool service, 
On completion of the trials, the locomotive entered passenger and a month later the schedule was changed to permit the addi- 
service between London and Liverpool, working ‘The Merseyside _ tion of a round trip between London and Crewe daily. This 
Express’ to London and ‘The Shamrock’ on the return journey, working has continued to the date of writing and involves a 
and at the turn of the year it commenced working passenger total of some 700 miles running per day. 
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Fig. 9.— Utilization of engine power. 


— Mechanical power flow. 
——--— Electrical power flow. 


GCS; and GCS2. Cut-out switches. 


(10) OPERATING EXPERIENCE 


The prototype locomotive was built essentially to prove that 
two powerful Diesel engines may be used in one unit as made 
possible with the Deltic engines. Other developments were 
incorporated, some of which have proved sound in service while 
others have had to be modified or abandoned. Such trials were 
useful but, of course, have taken time, involving withdrawal from 
service on a number of occasions additional to those arising from 
normal maintenance requirements. The following Section dis- 
cusses some of the principal problems and the modifications 
carried out. 

(10.1) Single-Engine Operation 


The original concept of the locomotive provided for operation 
with both Diesel engines running, except in case of emergency. 
No provision was made for changing the transmission charac- 
teristics to suit the reduced power available when operating on 
one engine, and the connection of the auxiliary loading was such 
that, for example, the traction-motor blowers could operate only 
at about half their normal speed. 

Operating experience soon indicated that it would be preferable 
and more economic to work certain services with only one engine 
running. It was therefore decided to make a major electrical 
modification permitting single-engine operation with all six 
traction motors as a normal and efficient feature. 

The main power circuits were not greatly affected, because they 
had been designed originally to permit single-engine operation, 
but, since the total voltage would be approximately halved, it 
was necessary to change the traction-motor field-diverting resis- 
tances to give a top locomotive speed of about 70-75m.p.h. 
with a reasonable trailing load. The necessary switching was 
interlocked with the main generator cut-out switches, thus 
providing automatic circuit changes. 

Major alterations were necessary also to the auxiliary circuits 
to enable all four traction-motor blowers and other auxiliary 
equipment to be fed from either of the two auxiliary generators. 


(10.2) Mechanical Parts 
(10.2.1) Wheels. 


After running some 12500 miles, ‘shelling’ of the treads of the 
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solid disc wheels reached a condition 
that they required turning. The 
thermal effects of the non-ferrous) 
brake blocks then in use became 
suspect as the cause of shelling, and 
after turning of the wheels the loca- 
motive was returned to service with 
cast-iron brake blocks, but these 
showed no improvement. The 
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[-_] DRIVER'S 
CONTROLLER 


LOCO AUXILIARIES 


12 and 52m.p.h. were noticeable: 
during acceleration. This was not: 
sufficiently serious to warrant modifi- | 
cations, but hydraulic shock absorbers } 
have been fitted for trial to obtain: 
basic information towards perfection of the riding qualities of 
the locomotive. The shock absorbers are fitted, four per bogie, , 
between the equalizer beams and the bogie frames. 


(10.2.3) Air Ducting. 

In the course of the 200 hours of static test running, fatigue} 
cracking appeared in the engine air-inlet duct, the associated | 
filters and the locomotive body side. These parts were strength- : 
ened before the locomotive entered service. The fatigue was) 
caused by the combined effect of high-frequency vibrations within | 
the locomotive structure and pulsations in the engine intake air’ 
and persisted after the locomotive entered service. On two occa-: 
sions pieces of fractured ducting entered the engines, causing | 
failure, and generally the problem became so troublesome, even | 
after further modification, that the ducting was disconnected and | 
the engine air was drawn from the engine room. This was not} 
satisfactory since the engine room temperature increased con-} 
siderably, air pulsations created discomfort and the increase of 
ambient temperature affected adversely the performance of the? 
train-heating boiler. Eventually, air ducting of a completely new’ 
design was fitted and proved satisfactory. 


| 

(10.3) Diesel Engines 

The Diesel engines have required very little routine main-- 

tenance and have been remarkably free from the many mech- - 

anical troubles commonly experienced when Diesel engines are? 
first applied to trail traction. 


| 


(10.3.1) Carbon Formation. 


During the early period of operation on fast freight trains } 
between Liverpool and London, when the engines were very’ 
lightly loaded, the exhausts were dirty in the idling-speed range: 
and carbon sparks were emitted when load was applied. The: 
pistons originally fitted were known to have-excessive clearance: 
for the traction rating of the engine, and these were therefore: 
replaced by pistons with reduced clearance and modified oil-. 
scraper arrangements. Although this change effected some 


improvement, the exhausts were still dirty under certain 
conditions. 


| 
{ 
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; 

_ Anew type of piston with a bronze head and different form of 
combustion chamber had been under development forsome time. 
Following successful trials on the test bed, pistons of this type 
were fitted to the engines, and combustion conditions were 
improved over the whole operating range. The quality of the 
exhaust is now acceptable, and further improvements are 
expected to result from later versions of this piston design. 


(10.3.2) Engine Stalling. 


In the course of early trial running the engines showed a 
tendency to stall if they were throttled back very rapidly. Tests 
showed this to be due to temporary overloading which occurred 
because of the inherent delay in the reduction of the generator 
field by the torque regulator. This trouble disappeared when— 
principally to improve the tractive effort graduation—minor 
modifications were made to the generator field-resistance circuits 
and the controller air valves. 


(10.4) Miscellaneous 
(10.4.1) Wheel Slip. 


The operation of the devices for protection against wheel slip 
is explained in Section 6.3.1. In the course of early trials of the 
locomotive it was found that the detection circuits were too 
sensitive, so that warning was given when no wheel slip occurred. 
The small out-of-balance currents in the equalizer which caused 
operation of the relays were probably due to slight mechanical 
and electrical disparities between the different traction motors 
and wheels. After resetting the relays to operate with some- 
what higher circulating currents, the system operated satis- 
factorily, but, after some time in service, the Post Office-type 
relays used proved unsuitable in the operating conditions 
inseparable from locomotive work and were replaced by more 
robust current-operated units. 


(10.4.2) Maximum Speed. 

The maximum road speed as originally designed was 90m.p.h. 
[t soon became apparent that this was too low for a locomotive 
of this type and the gear ratio of the traction motors was changed 
to permit a maximum running speed of 105m.p.h. This entailed 
resetting of the overload relays and recalibration of the driving 
ammeter, since the former were set and the latter calibrated to 
ensure that the locomotive could not exert a tractive effort 
ereater than that permissible for the draw gear. 


10.4.3) Gear Cases. 

The gear cases as originally fitted were designed and made in 
accordance with practice established after many years of experi- 
snce, mainly with vehicles equipped with axle-hung traction 
motors for operation at maximum speeds up to 75m.p.h. The 
motors themselves have withstood satisfactorily the considerably 
uigher speeds of the Deltic locomotive, but after 180000 miles 
of service, fatigue cracks appeared in the gear cases and their 
ixing bolts. The gear cases have been strengthened generally, 
he bolts being replaced in high-tensile steel. 


10.4.4) Train-Heating Boiler. 

As originally fitted, air for the train-heating boiler was drawn 
rom outside the locomotive; but as the intake was adjacent 
o the engine air intakes, air starvation occurred owing to the 
sngines taking most of the available air under certain circum- 
tances. The duct to the outside of the locomotive was therefore 
moved and a new intake provided for the boiler to draw air 
rom inside the engine room. This arrangement was not 
ntirely satisfactory, and it was therefore decided to revert to 
he original system of drawing combustion air from outside the 
ocomotive. For this purpose, two new louvres were fitted in 
he locomotive roof well clear of the engine air intakes. 
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Since the boiler was originally installed, the manufacturers 
have made a number of improvements to the model, and these 
have been applied during the course of summer overhauls. 


(11) PERFORMANCE AND EFFICIENCY TESTS 


In August and September, 1956, a series of performance and 
efficiency tests on the locomotive was carried out on the Carlisle— 
Skipton route, using the mobile test plant of the London Midland 
Region of British Railways. A dynamometer car was coupled 
directly to the locomotive and the necessary loading was provided, 
In most cases, by up to three mobile test units coupled in rear. 
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A very comprehensive series of tests was carried out, and have 
been fully described elsewhere. * 

Figs. 10 and 11 are typical of the results. Fig. 10 shows 
the distribution of power at various road speeds with both 


* ‘Performance and Efficiency Tests—English Electric “Deltic”’ 3300 h.p. Co-Co, 
Diesel Electric Locomotive’, British Transport Commission Bulletin No. 19. 
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engines delivering full power, while Fig. 11 shows the overall 
thermal efficiency under various load conditions. The bands 
on Fig. 11 correspond to the maximum traction efficiency for 
the various loads, the upper and lower limits being within 2% 
of the minimum fuel per available draw-bar power at any speed. 

In some runs a load of 642 tons comprising 20 coaches was 
hauled by the locomotive, and, so far as possible within road 
limits, the maximum power from both engines was sustained 
throughout. The actual sustained draw-bar power was about 
2200h.p. and the average speed on a 15-miles gradient of 1 in 
100 was 56m.p.h. with a minimum of 50m.p.h. 


(12) CONCLUSION 


In accumulating over 200000 miles in service, much has been 
learned from the operation of the prototype Deltic locomotive. 
It has been engaged on a variety of duties, including the working 
of some of the heaviest and fastest express passenger trains on 
British Railways, and it has also undergone an exhaustive series 
of performance and efficiency tests. 

The concept of installing sufficient power in a single-unit 
Diesel locomotive, complying with restrictive axle loads and 
load gauges, to work any trains operating on British Railways 
has been confirmed. In fact, on many occasions the reserve of 


DISCUSSION BEFORE A JOINT MEETING OF THE INSTITUTION AND THE INSTITUTION OF 
MECHANICAL ENGINEERS, 11TH DECEMBER, 1958 


Mr. H. C. Johnson: In due course, locomotives of this type 
must take over the bulk of the east-coast services from King’s 
Cross to the north east and Scotland, and we have set them a 
rather tight schedule. If they live up to this—and I feel sure 
they will—they will indeed have proved themselves. However, 
I can now contribute to the discussion only from the aspect of a 
user of other Diesel locomotives, some of which are from the 
same stable. 

We have a number of Diesel locomotives doing a variety of 
jobs; naturally, they have had, and are having, their initial 
difficulties. By and large, the basic equipment—engines, gen- 
erators, etc.—does very well indeed, and most of our trouble 
comes from the auxiliaries. It seems such a pity, even at this 
stage, when some small item in the main body lets down the 
whole, and consequently lets down the traffic department. The 
one thing we must have above everything else is reliability, and 
unless we have that with these locomotives, which are very 
costly, we cannot run them economically. After studying the 
Deltic’s auxiliaries one or two of my engineers commented that 
‘some of the plumbing is a bit inaccessible’. This is perhaps a 
small problem, but at this stage we see it as affecting the working 
of this engine generally. 

On the whole, however, we find that the Diesel locomotives 
are doing a good job of work, and the first thing we did when 
we inaugurated a new train between Sheffield and London—the 
new “Master Cutler-—was to give it a Diesel locomotive. This 
train is enjoying a considerable measure of success, and we are 
most satisfied with the results. Of course, the real reward comes 
with the achievement of-an area, divisional or line scheme. We 
are still at the stage of having a mixture of steam and Diesel and, 
in some cases, electric traction, which is difficult from many 
points of view. I look forward to the day when I have a real 
fleet of Diesel locomotives in an area with the necessary main- 
tenance facilities, with the steam engines all out of the way. 
In my view there is no doubt that, once the initial difficulties 
are overcome, we shall give a satisfying and very profitable 
service. 

Mr. E. S. Cox: The author has done perhaps less than justice 
to the universality of the Deltic design. The locomotives are 
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power has been used to good effect in making up time lost due 


} 


to permanent-way slacks, signal checks and other causes. 

Being essentially a development of advanced design on which | 
several novel schemes have been tried out, the locomotive has, 
inevitably, suffered from a number of initial troubles, but on 
no occasion has it failed completely on the open line. The | 
valuable experience gained has suggested a number of improve- 
ments which will be embodied in further similar locomotives 
shortly to be built. 
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intended in the first place for heavy east-coast passenger service, © 
but as electrification extends they must be employed on other 
routes and other duties, where the track and bridge conditions 
may not allow the highest axle weights. Unlike their counter- 
parts in the United States, British civil engineers are not pre- 
pared to concede that Diesel locomotives are easier on the track | 
than steam locomotives—a matter which has not yet been put | 
to the test and proved. Therefore, under both these headings, | 
to be able to get a locomotive of such power with such modest 
weight is of great value, and these must be conditions which | 
obtain in other countries as well. 

The continuous tractive effort is stated to be 23400lb at 
43-5m.p.h., which is surprising in relation to the 30900Ib at 
19m.p.h. given by the 2000h.p. main-line locomotives from the | 
same stable. Would the author say that we were wrong in 
thinking that the higher the continuous tractive effort of the — 
locomotive, the more trouble-free and maintenance-free are > 
the motors likely to become? It is a tribute to the mechanical 
design of the locomotive that no important changes are visualized 
for the 22 further locomotives to be delivered. 

Reference is made in the paper to some trouble with one-piece | 
wheels and now the locomotives will have tyres. The fitting of | 
the tyre permits a safety valve where thermal stresses build up 
due to braking, and with that slight change we hope to continue | 
the trouble-free record we have had for so long with tyred wheels. | 

With regard to performance, critics have asked whether 
3 300 h.p. was really required on British Railways. This can be | 
readily answered by a short example. The King’s Cross—Retford | 
stretch of the east-coast main line, while having only moderate 
gradients, has permanent speed restrictions of various kinds. 
To average 70m.p.h. with seven coaches requires a 2000h.p. 
Diesel using full power wherever possible. A train so scheduled 
would lose time without hope of recovery after every adverse 
circumstance en route. To ensure only a 6min margin to assist 
good timekeeping, a run of 114min for the 138 miles must be 
possible and no less than 3300 engine horse-power is then 
necessary. Ample power provision is the sole method of 
ensuring reliable timekeeping on fast journeys. 

Fig. 10 shows that between 40 and 80m.p.h., not less than 
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400 h.p. is lost in the electric machines, i.e. nearly three times the 
power required to move the weight of the locomotive through the 
air at 60m.p.h. This is no reflection on the Deltic as such and is 
common with nearly all high-powered locomotive transmissions; 
but having regard to the advances in materials, technique and 
design, could the author state what hopes there are of an 
improvement ? 

Mr. H. H. C. Barton: Recently I was privileged to travel on 
this locomotive while working the 2 p.m. train from Lime Street 
with a load of about 480 tons. We arrived at Weaver Junction 
3 min early and had to wait for the southbound ‘Royal Scot’ to 
pass into the section ahead. We followed this important train as 

far as Rugby; indeed, we were held back by it. Although it was 
Tunning to time, we could never exceed 75m.p.h., because 
for much of the way we were ‘running on the yellows’. Three 
thoughts arise from this experience: first, the improvement 
which will be possible to the express passenger train timings 
after more of these locomotives have replaced steam ones; 
secondly, how difficult it is to give a single locomotive of superior 
class a regular duty which is commensurate with its capability ; and 
thirdly, if this trip were fairly representative of the Deltic loco- 
motive’s average duty, then the maintenance record, good as it 
is (and on a mileage basis from all accounts it is excellent), must 
be accepted with caution before being used as a yardstick for 
estimating the likely cost of Diesel-locomotive maintenance when 
this part of the modernization plan is complete. True, main- 
tenance cost is a function of usage in terms of annual mileage, 
but it can also be a function of the power output of the loco- 
motive while this mileage is being accumulated. 

In Section 8 of the paper the available tractive effort is said 
to be limited by drawbar strengths. I find some difficulty in 
accepting this unless the drawbar is a weak one. If we refer to 
the B.T.C. Bulletin No. 19 mentioned we find that the tractive 
effort is limited by the overload settings, which trip at 2-7kA 
or 900amp per motor series pair. Now, from Fig. 8, 900 amp 
is equivalent to about 77001b tractive effort per motor, or a 
total of only about 460001lb for the locomotive. This is 
surely a modest drawbar loading. It is only about 19% of the 
adhesive weight, and one thus wonders whether sanding equip- 
ment is necessary. Sanding equipment complicates the best of 
frame layouts, and sand is just as much an embarrassment to the 
signal engineer, whose equipment it damages, as it is to the shed 
foreman, who has to produce it in a dry condition so frequently 
on the wettest of days. 

With an output of 3300h.p. available at the engine shafts, 
possibly permitting 2700h.p. at the rail, it seems that the Deltic 
locomotive, potentially anyway, would be capable of performing 
a very wide range of duties if only the transmission could span 
this range. Has the author considered the French scheme 
whereby the gear ratio may be changed at will? This is not a 
gear change which can be operated by the driver, but a system 
whereby the running-shed staff can manually and quite quickly 
jack in and out a gear-change mechanism in order to alter the 
ratio depending on whether the locomotive is ordered for 
passenger duty (for which its present gear ratio and performance 
are ideal) or for freight duty, when it is desirable that the loco- 
motive may exert a starting tractive effort which is as high as 
the drawgear and adhesion weight will permit. Perhaps it is 
unreasonable to expect any transmission to span the whole range 
of passenger and freight duties, and the same difficulty arises, of 
course, with the electric locomotive, although here it is not so 
important financially. Diesel-electric generation equipment iS 
more costly to carry about on a locomotive than electric conver- 
sion equipment; and when high-powered generation equipment 
has to be installed on a Diesel locomotive to overcome train 
resistance at high speeds with heavy passenger loads, it is a 
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pity that it camnot be used at reasonable notice for freight 
duties requiring higher tractive efforts at lower speeds. The 
Deltic could exert 600001b of tractive effort at starting without 
altering the overload settings if the top speed were reduced by 
about 25%. This would mean working the locomotive at 25 Yi 
of its adhesive weight, which is still a reasonable figure; and 
600001b is surely within the load which a reasonable drawbar 
should stand? It seems that the application of a gear-change 
mechanism to the Deltic would result in a mixed-traffic general- 
purpose locomotive capable of performing over the entire British 
range of duties for many years to come. 

Mr. J. H. R. Nixon: From Fig. 10, taking the top line output 
at the engine shaft as datum, the power loss of auxiliaries is 
about 5%; the generator loss is 6%, the gear loss is 8°% and the 
locomotive resistance taken on the 80m.p.h. line is about 300 h.p., 
ie. 10%. Some part of that resistance is dependent on the 
weight of the locomotive, and the loss emphasizes the need for 
weight reduction. The main factors dependent on weight are 
the level, gradient and acceleration resistances. A rough esti- 
mate indicates that, for about every 10 tons of additional weight, 
this loss is 14% of the power developed by the engine. In 
Table 1 the first locomotive, the Deltic, weighs 106 tons and 
the second 149-5 tons, an addition of 43-5 tons for much less 
power. This locomotive would require about 6% more horse- 
power to give the same performance as the Deltic with a com- 
parable load. 

Considerable attention is given to weight reduction in Europe 
and the development of high-speed lightweight engines is highly 
advanced. The V200 locomotive on the German Railways has 
two 1100h.p. engines and a hydraulic-mechanical transmission. 
It has a weight of 78 tons for 2200h.p., i.e. a specific weight of 
78lb/h.p. British Railways are building similar locomotives. 
The specific weight is near that achieved by the Deltic. Some 
of the German locomotives have achieved 850000km of opera- 
tional performance without overhaul. The construction of the 
Deltic implies that it is difficult to maintain in situ and it would 
have to be dismantled from the locomotive to lift the pistons. 
Information about the maintenance procedure would be 
appreciated. 

Mr. G. R. Higgs: A controversial feature referred to is the 
composite wheel and tyre used with the non-metallic brake 
block, and I would suggest that the explanation for the some- 
what anomalous behaviour observed could be that the non- 
metallic block, with its low heat conductivity, could cause not 
only the shelling which has been observed, but also damage to 
the steel under-surface. There could be no improvement by 
changing the type of brake block until the defective material had 
been worn or machined away. 

On Fig. 6 the author has made the point that the engine 
power/speed relation is such that the engine runs at its lowest 
speed consistent with the power required at part load, which is 
very good from the aspect of engine wear. I think that a more 
important point is that for many Diesel engines the same curve 
means the most efficient speed for the power required, so we also 
have a fuel saving if we can use such a characteristic. This 
point is not often brought out when comparing the efficiency of 
electric and hydraulic transmissions. With the torque convertor 
there is only one curve which can be used. The relation between 
engine speed and engine power must follow a cube law curve, 
and such a curve, plotted on the author’s diagram passing through 
maximum power point, runs well to the right of his curves. 
In other words, for any given fraction of full power, a hydraulic 
transmission will require the engine to run faster and less 
efficiently than will an electric transmission. 

I feel we should, wherever possible, discuss tractive effort and 
horse-power in relation, not to the drawbar, but to the rail. If 
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we do this and take the resistance factors related to the train as 
a whole, we get simpler and easier calculations and a more 
accurate result. With an electric locomotive we can easily and 
accurately measure the tractive effort of motors on the test-bed, 
while the locomotive ammeters indicate the performance on the 
road. One could, in fact, use an electric locomotive to calibrate 
a dynamometer car to be used in connection with steam or 
hydraulic locomotives. 

Mr. H. W. Puttick: It would appear from the paper that the 
brake mean effective pressure is 80-9lb/in?; this seems extra- 
ordinarily low, even with the knowledge that the engine has 
already been derated from 2 500 to 1 600 b.h.p. 

The author refers to pistons, but includes only a short para- 
graph on them. He speaks of a bronze head screwed into the 
lower part of aluminium alloy, but does not say how this is done 
and kept tight under varying temperatures. Of course, 2-stroke 
engines have been notoriously heavy on pistons, and I recall that 
we had cast-iron pistons on some 2-stroke engines and had a 
distressing number of piston failures. I should like to know 
the composition of the bronze. 

The author refers to duties of 700 miles a day. In India in 
1944 we were running the Karachi-Lahore mails, and large 
expenditure was necessary for water-softening plant. I suggested 
then that we should use Diesel locomotives. By running each 
750 miles a day in 19 hours against 25 hours for steam loco- 
motives, we could make do with seven locomotives in the link, 
displacing some 23 steam ones. However, I was told that it 
was not possible to run any locomotive 750 miles a day, so the 
idea was abandoned. 

On the question of drawbars, I should like to know how the 
author can take a 600-ton load at 56m.p.h. up heavy gradients 
and not break the drawbar. We broke many in India. 

Mr. W. B. G. Collis: In the lower horse-power range for 
locomotives where shunting requirements predominate, the 
application of lightweight Diesel engines must be justified on 
grounds other than the saving of weight. In the higher-power 
ranges, the experience gained on British Railways operating the 
Deltic locomotive, largely on part load and only exceptionally on 
full load, has apparently revealed economies in maintenance 
which were not fully anticipated, but for oversea railways in 
developing countries the economic case for high-power loco- 
motives is steadily moving towards full electrification. 

It would indeed be interesting to know the full reasons why 
the permanent series-parallel connection of the traction motors 
was adopted in this case. The connection of all six motors in 
parallel would have enabled the use of smaller contactors, 
reversers and motor cables, and it would also have eliminated the 
need for equalizers. At the same time, greater flexibility might 
have been achieved with this connection, especially with the 
machines arranged in two isolated groups, each generator driving 
three motors. The emergency switching to enable one generator 
to drive all six motors would have been no more complex than 
the present arrangement, while individual motor cut-out would 
also have been possible. 

Mr. F. C. E. Smith: Most Diesel locomotives with high 
power/weight ratios employ hydraulic transmission, and the 
construction of the Deltic locomotive has shown that this ratio 
is dependent more on the type of engine and the design of the 
mechanical parts than it is on the transmission. 

Much of the weight reduction is due to the Deltic engine, 
which is a high-speed multi-cylinder design. The construction 
of d.c. generators to match the high outputs and speeds of these 
Diesel engines is difficult, owing to commutation limitations, 
and the outputs of 1100kW at 1500r.p.m. which have been 
achieved indicate that the generators are an advanced design. 
Future development of the Deltic engine in traction service is 
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likely to produce even higher outputs and speeds, and I would © 
ask the author whether it is possible to design a generator for the 


Admiralty rating (2500h.p. at 2000r.p.m.) without recourse to 


reduction gearing or tandem armature construction. In con- | 
trast, high-speed Diesel engines present no particular problem to | 
designers of hydraulic transmission. Even 2000r.p.m. is too 

low for hydraulic torque convertors, which normally operate at | 


about 3000r.p.m. 

Utilization of the full adhesive weight when only one engine is 
working is an important operating advantage of the Deltic loco- _ 
motive. This feature can readily be incorporated in locomotives 
with electric transmission, but not in those with the normal 
hydraulic transmission layout. However, some Continental 
Diesel-hydraulic locomotives already have a gear-change equip- 
ment which adjusts the locomotive characteristic to suit express 
passenger or mineral service. 


having individual axle drives. 


Mr. W. A. Green: I imagine that the engine governor is a_ 


highly specialized piece of mechanism. Will the author give 
some of the details of its construction and say what troubles 
have been encountered, if any? Fig. 6 shows the output of the 
engine in terms of crankshaft speed as controlled by the governor. 
Although the power curve is straight, it does not pass through the 


origin, so that the brake mean pressure is not proportional to — 


speed. This results in a curve of brake mean pressure plotted 


against speed as shown in Fig. A. May one assume that the © 


brake mean pressure at each speed is the maximum desirable 


figure at that speed? If so, may one further assume that the | 
figure is dictated by the scavenging efficiency, which is in turn} L 


largely dependent on the blower output? 
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Fig. A.—Governor law and brake mean pressure as functions of 
engine speed. 
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It is more difficult to incorporate — 
this feature in Diesel-electric locomotives, particularly those — 


' 


Mr. D. C. Plyer: The author points out that the two engines — 
operate normally with their generators in series, and that some _ 
switchgear is provided whereby a defective engine-generator unit _ 


can be cut out. Are there any means of ensuring that, if an 
engine fails during the course of a run, its generator is cut out 
automatically ? I foresee the danger of damage arising if current 
is passed through a generator when it is stationary. 

It has been pointed out that the continuous tractive effort is 
somewhat low for the power of the locomotive. It i is, in fact, no 
more than 78% of that of an 1160h.p. type-2 locomotive. 

I endorse Mr. Higgs’s views on the performance of locomotives 


iy) 
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with the exception of his suggestion of discussing tractive efforts 
in terms of the train as a whole rather than locomotive and 
coaches separately. Ihave known people become confused when 
they have compared two trains of different weights and used a 
figure of xIb/ton for the whole train. They have been puzzled 
why the lighter train did not go as fast as they expected it to do. 

Mr. L. Goodall-Copestake: The remarkably low weight of this 
locomotive represents an achievement as much in relation to its 
size as to its horse-power. It is, in fact, the biggest size that can 
be built for British Railways, for if it were any longer it would 
have to be narrower in order to negotiate curves. If the driver’s 
cab were placed at the end of the locomotive, without the nose, 
a little space might be gained. However,-the drivers must have 

a full-height door opening inwards, and if it were further forward, 
this problem, now so neatly met, would have to be solved some 
other way, which might well lose the space gained. . A great 
deal of weight must have been saved in designing the frame. 
This is a very long locomotive, and in spite of having a relatively 
small wheel, the frame must still clear all the obstructions; it 
would be interesting to hear more about how the frame was 
designed and what sort of buffing loads it was designed to 
encounter. 

I recall curves similar to those in Fig. 6 for both kinds of 
transmission I have used in the past, where the curve of points 
of maximum engine efficiency fell between the cubic curve and 
the straight line usually found convenient as the governor charac- 
teristic with electric transmission. I think that, provided in each 
case the engine is properly matched to the transmission being 
used, the question is as broad as it is long on this particular 
point. 5 

Mr. T. T. Lambe: On the question of axle load, it has been 
stated that some chief engineers would not allow the Diesel loco- 
motive any heavier axle load than a steam one. Have any tests 
been made to see whether this locomotive is, in fact, as heavy on 
the road as the steam locomotive, particularly in regard to the 
horizontal effect of any hunting there might be of the bogies? 
What would be of interest would be any figures on the wear of 
the locomotive suspension bearings. 

Mr. A. G. Hopking: With only 20001b of steam per hour, 
the passengers in a train of 20 coaches on a cold winter day 
would not be very comfortable. Why not remove the boiler 
and use some of the space and weight so saved to provide 
electric heating for the train from the surplus power of the 
engines? : 
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Mr. F. H. Wood: I should like to know why the opportunity 
has not been taken of introducing dynamic braking on this 
form of locomotive. In the early days trouble was encountered 
with brake blocks and wheel condition, and it might have been 
avoided to some extent by dynamic braking had it been 
introduced. 

So far as the Diesel engine is concerned, and considering the 
various changes which have taken place due to troubles experi- 
enced, has any engine now achieved the target of 5000 hours 
and then been removed in the routine manner for piston examina- 
tion, which entails removing the engine from the locomotive? 

Why was a generator speed of 1 500r.p.m. chosen, bearing in 
mind that the output shaft of the Diesel engine can be geared 
for any speed? Have there been any serious troubles with 
generator design at this speed, and has the author contemplated 
running at any different speed in the future? 

Mr. F. G. Clements: In my collection of gramophone records 
I have one in which the commentator talks about steam loco- 
motives, and he states that he has been impressed by the French 
locomotive, which appears to him to have two of everything. 
The Deltic locomotive apparently has two of everything, and 
from a motive-power man’s point of view this is creditable. It 
has proved to be very reliable, it has high speed and a reserve 
of power which is often necessary when a driver has been 
bedevilled by various factors besetting him on the road. 

The Diesel engine, however, is inherently noisy, and I wonder 
whether anything can be done to obtain at least some degree of 
silence. The public are not altogether happy with the conditions 
of noise and vibration, particularly within the confines of an 
enclosed station roof. In addition, and having seen the sym- 
metry of the machine, it will be recalled that the power units 
are at each end of the locomotive and the boiler in the middle. 
The fireman must stay with the boiler for some time during the 
operation, and he will therefore be assailed on all sides by the 
noise produced. Any reduction in level of noise will therefore 
be greatly appreciated by him. 

I do not think that a ‘dead man’s’ device is fitted to this 
locomotive, and I wonder whether any decision has been made 
as to what type of device it will be, whether the driver will 
operate it with his feet or his hands. This is an important 
problem, because the driver is often made to feel comfortable 
in a cab of this description, but that degree of comfort is lost if 
he finds that he must exert large forces to operate some form of 
‘dead man’s’ device. 


THE AUTHOR’S REPLY TO THE ABOVE DISCUSSION 


Mr. C. M. Cock (in reply): Reliability is, of course, of para- 
mount importance with any type of motive power. Given good 
design, the use of good materials and good workmanship by 
the manufacturer, there is no reason at all why a Diesel loco- 
motive should not be thoroughly reliable, provided that it is 
given good and conscientious maintenance by the user. The 
manufacturer can help in this last aspect as well by ensuring that 
all equipment is easily accessible. 

The tractive effort of any locomotive should be arranged to 
suit the duties proposed. The continuous tractive effort of the 
Deltic locomotive is ample for the duties for which the locomotive 
was designed, namely high-speed passenger and freight services. 

Generally, provided that a locomotive is operated within the 
designed rating (or tractive effort) of its electrical machines, the 
latter should be trouble-free and require little maintenance. 

The overload relays were, in fact, set to limit the maximum 
tractive effort of the locomotive to suit the strength of the coaching 
stock draw gear, the maximum safe tractive effort being con- 
sidered as 48000Ib. It is true that this corresponds to a low 


factor of adhesion, but in view of the ever-present possibility of 
very poor rail conditions, I consider it would be imprudent to 
omit sanding gear on any locomotive. 

The provision of a gear change on a locomotive presents a 
formidable problem, mainly involving space and weight. 
Generally speaking, with electric transmission the characteristic 
of a locomotive can be matched satisfactorily to its proposed 
duties without resorting to such methods. 

Dynamic braking is of value for holding trains when descend- 
ing long gradients; I feel that there is no justification for it in 
this country. 

Although some reduction in auxiliary losses is probable as a 
result of the use of modern methods and materials, radical 
improvements cannot be expected. 

There is no ‘dead man’s’ device on the prototype locomotive, 
but the production locomotives will be fitted with one of the 
treadle type. 

Train heating is a matter for decision by British Railways, but 
I would be only too happy to remove the boiler. 
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The superstructure and underframe form an integral stress- 
bearing member, the bottom boom being of light-plate girder 
construction. The base members are continuous between buffer 
beams and are swept upwards or downwards to clear wheels, 
traction motors, etc., yet permit reasonable headroom down the 
gangways. The structure is designed to withstand buffing loads 
of up to 200 tons keeping, reasonably within the elastic limit of 
the material. 

No explanation has been found for the shelling of the wheel 
treads; either of the theories put forward in the discussion may 
very well be correct. 

The engine power curve was chosen to suit the traction law 
required and does not demand quite the maximum b.m.e.p. at 
intermediate speeds which the engine can develop. The actual 
operating points, however, are near the optimum conditions for 
the engine at each speed. The engine governor is of the hydraulic 
all-speed type, operating on engine fuel, and no significant 
troubles have been experienced in over three years of traction 
duty. 

The b.m.e.p. of 80-9 Ib/in? is not low by 2-stroke-engine stan- 
dards; a check on a variety of such engines used in traction shows 
values ranging from 73 to 104 Ib/in?. 

The piston crown, of copper-chromium alloy in the ratio of 
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95 : 5, is attached to the aluminium-alloy skirt by screwing om © 


to an abutment face, using a controlled torque. 


There is an ~ 


interference fit between the two components at running tem- — 


peratures, and they are also pegged together to prevent © 


movement. 

It is true that it is necessary to lift an engine from the loco- 
motive to remove pistons and carry out similar heavy work. 
This is quite deliberate, and a power unit can be changed in 


8 hours, so that the locomotive is not held out of service while | 


heavy maintenance is carried out in situ. 

The question of parallel or series-parallel connections for 
Diesel-electric locomotives is open and there is room for con- 
siderable difference of opinion. Having considered the relative 
merits of the two alternatives, we were convinced that the 
arrangement chosen was the best for this particular application. 


The problem of designing a generator to suit a speed of © 


2000r.p.m. does not arise. Apart from the fact that it is not 
intended to operate a Deltic engine at such a speed in traction, 
the phasing gearbox permits the output speed to be chosen 
independently of the crankshaft speed. 

On the prototype locomotive no automatic cut-out is provided 
in the event of engine failure, but it is being incorporated on the 
production locomotives. 
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SUMMARY 


Criteria for the development of a follow-current arc in a rod 
gap sparked over by the application of a high-voltage impulse were 
investigated, using a synthetic power source. The latter comprised a 
tuned LC circuit, and could be adjusted to give a range of values for 
voltage, current, impedance and frequency. The effects of these 
variables, and of the impulse waveform, on the development of 
follow-current arcs in rod gaps up to 10cm spacing, are discussed. 


(1) INTRODUCTION 


Electrical breakdown of the insulation on energized high- 
voltage plant often results in the development of a power arc 
at the fault, and the term ‘power follow’ is applied to this 

phenomenon. A familiar example is the case of a line insulator 
which sparks over on the incidence of a voltage surge, and, if 
the line is energized at the time, a power-follow arc may form in 
the path of the spark, and develop to carry the fault current of 
the system at that point. The power-follow arc is not always 
established, in which case the initial spark discharge is self- 
extinguished and the system experiences only a transient fault. 
It is therefore of considerable importance to know the criteria 
for the production of a power-follow arc, and to be able to 
check the ability of devices such as rod gaps or surge absorbers 
to restrict its development. An understanding of this pheno- 
menon is also important when considering the impulse testing of 
transformers and other power equipment. 

Experiments on power follow require the availability of a 
suitable power source and an impulse generator to initiate the 
breakdown, and the power source is subjected-to the impulse 
voltage applied to the gap or other device under test. Not only 
is a conventional power source restricted in the range of charac- 
teristics such as the short-circuit current available, impedance, 
and natural frequency, but there are obvious difficulties in 
obtaining access to such a source for a prolonged series of 
experiments. The authors therefore had recourse to a ‘synthetic’ 
power source, comprising a charged capacitor and an inductor, 
in which the capacitor was initially charged to a voltage equal 
to the peak voltage of the system represented, and the L|C ratio 
could be adjusted to control the internal impedance of the source 
and its natural frequency on discharge. Such a source provides 
stored energy to supply the follow current drawn from it, so, in 
the event of a power arc developing, it is evident that the voltage 
of the source will fall with time, and that damping will be 
introduced by the arc resistance. These, apparently serious, 
limitations are overcome by defining power follow as the 
development of a discharge with arc characteristics sustained 
by current drawn from the source and lasting until the first 
current zero of the output from the oscillatory power source. 
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The justification for this was evidence that low currents (about 
lamp) will give an arc characteristic, and once this has been 
established, transition to the power-follow stage is complete, 
the subsequent arc current in a practical case being dependent 
only upon the apparent power of the system. This synthetic 
circuit technique therefore offered attractive possibilities for 
laboratory studies of the criteria for the development of power- 
follow arcs, and has now been applied to studies on rod gaps 
at spacings up to 10cm. 


(2) PREVIOUS WORK 


Power-follow experiments have previously had as their 
principal aim the proving of the performance of devices such 
as lightning arresters, for which it is sufficient that any follow- 
current is suppressed after a certain number of half-cycles. The 
variation of circuit and test-gap parameters is then insufficient 
to provide data on the fundamental mechanism of follow current, 
and no attempt was made to determine the critical conditions 
under which power follow was just possible. Oscillograms were 
usually taken at sweep times slow enough to record one or more 
half-cycles of current, and such a time resolution provides little 
information on events during and immediately after the applica- 
tion of the impulse, which is the critical period for the initiation 
of the power arc. 

The E.R.A.!+2 reported follow-current tests on insulators and 
surge diverters, and concluded that the development of power- 
follow arcing was independent of impulse- and power-voltage 
polarities in the case of insulators, but occurred more readily, 
in the case of surge diverters, when the two voltages were of 
opposite polarity. Provoost? argued that, in the case of full- 
wave impulse tests on energized transformers, follow current 
was more likely to be initiated when the impulse and power 
voltages were of the same polarity. The apparent contradiction 
in these investigations results from the fact that, as shown later, 
the relative polarities affect the establishment of follow current 
in a complex manner. 

Similar work has been carried out by Jones and Garrard* on 
surge diverters, by Ackermann*® on expulsion-type lightning 
arresters, and by Baumann® on copper electrodes separated by 
air or solid insulation. These papers contain few data relevant 
to the criteria for the development of a power-follow arc for the 
reasons given above, but they do describe techniques suitable for 
power-follow investigations. 


(3) STATEMENT OF THE PROBLEM 


On the application of an impulse voltage of sufficient magni- 
tude to cause sparkover of the test gap, the energy associated 
with the impulse will maintain the discharge for a time 1), i.e. 
until the voltage falls below the maintaining value or the impulse- 
generator gaps deionize. During ¢,, power-frequency current 
can flow through the path created by the impulse discharge; 
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thereafter the impulse energy fed into the discharge ceases, and 
the latter can only be maintained if the power fed in from the 
power source is greater than the losses associated with the dis- 
charge. In the limiting case, if the power source can maintain 
the necessary level of ionization in the discharge path for a 
sufficient time, a power arc will be developed, i.e. power follow 
will occur. This latter condition is that which is to be studied 
to reveal the criteria involved. 

Owing to the discharge of stray capacitance associated with 
the system through the path provided by the impulse sparkover, 
currents at frequencies of the order of some kilocycles per second 
may circulate in the discharge, additional to the power-frequency 
current. The impulse discharge may therefore initiate low-fre- 
quency or high-frequency follow current, and, to limit the 
number of variables in an initial study, the present work was 
restricted to single-frequency sources, i.e. those incapable of 
generating high-frequency follow current. 


(4) EXPERIMENTAL TECHNIQUE 
The experimental work to be described was carried out in two 
stages. In the first, the technique was developed and the charac- 
teristics of the discharges were identified using gap spacings up 
to 1-Scm. Similar studies were then carried out at higher 
voltages and with rod-gap spacings up to 10cm, the main 
conditions for the two series being as given in Table 1, and it 


Table 1 
EXPERIMENTAL CONDITIONS 


Gap spacing 0:05-1-5cm 1:0 and 10:0cm 


Impulse: 
Voltage .. +33kV peak +200kV peak 
Current .. .. | Up to 600amp peak | +40amp peak 
Duration . | 40-2000 microsec 220 microsec 


Power source: 


Voltage .. Up to 0:8kV peak Up to 2:5kV peak 

Current .. Up to 20amp peak Up to 580amp peak 

Frequency 50-500 c/s 50c/s 

Impedance 40 and 126 ohms 4-3-140 ohms 
Electrodes. . 0-063cm-diameter | 2cm-diameter rods 


rods, 2cm spheres with edges rounded 


off 


was confirmed that the same type of phenomenon and classifica- 
tion applied to both test series. 


(4.1) The Circuit 


The basic circuit used in this investigation is shown in Fig. 1. 
Principal symbols are defined on it, and the subscripts 0, t1 and 
t will be used to designate the several values of voltage and 
current at the instant of flashover of the test gap, at the end of 
the impulse, and at any time, f, respectively. 


Vt 


lice 
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Cig and Gjg were the output capacitance and output gap of — 


a Marx impulse generator, whose current output was controlled 


by varying R; and Rr. The impulse duration, t;, was taken as. 


the time between the instant at which the test gap flashed over 
and that at which a current zero occurred in the generator gap. 
For a given experimental condition, the value of ft; obtained on 


different flashovers was within +5% of the mean which will be — 


quoted in this paper. 

The power circuit consisted essentially of the capacitance € 
discharging through the inductance L, and two main advantages 
ensued from the use of a synthetic power circuit. 
variables were easily controlled; for example, a single-frequency 
output was readily obtained, and the frequency [f = 1/27r/ (LC)] 
and the output impedance [Z = +/(L/C)] could be varied 
independently by varying L and C simultaneously. Secondly, 
the only part of the power circuit which needed to withstand 
the high-voltage impulse was the inductor, so that insulation 
problems were restricted to its design. A further elaboration of 
this technique was resorted to when high values of output 
impedance (Z >> 50 ohms) were used in conjunction with impulse 
voltages of 200kV (Table 1). The inductance L had to be 
relatively large in these circumstances, and the inductor was 
made in two units. A non-linear resistor, not shown in the 
diagram, was connected between the junction of the inductance 
units and earth so that one of the inductance units and the 
resistor formed a filter circuit. Consequently, only this portion 
of the inductor had to withstand the large impulse voltage. 
When the test gap flashed over and the impulse voltage collapsed, 
the non-linear resistor approximated to an open-circuit and 
ceased to affect the performance of the circuit. 

The inherent limitation of synthetic circuits is that no energy 
is generated in them and, consequently, the current and voltage 
pulses available are of limited duration. This had little effect 
on the present investigation, since the critical events which 
determined the establishment of follow current occurred during 
the first half-period of oscillation of the power circuit. 


(4.2) The Power-Circuit Current at Flashover | 


When the impulse was applied, i.e. when the generator gap 
flashed over, an impulse voltage appeared across the test gap 
and power circuit. A current was therefore circulated in the 
power circuit, and, with the conventions defined above, its value 
at the instant of flashover of the test gap is designated by ip. 
Experiment showed that ig was negative when the impulse was 
positive, and its magnitude increased with the time to flashover 
of the test gap. 

The polarity of ig and its dependence on the time to flashover 
can in fact be deduced from Fig. 1. The stray capacitance 
associated with the test gap being negligible, the voltage across it 
rose suddenly to its peak value when the impulse was applied, 
and then began to fall at a rate determined by the complete 
test circuit (in the present work, the performance of the circuit 


Re 


Gig 
O 


Cic Vict 


Fig. 1.—Circuit diagram. 


Principal symbols are defined on this diagram and arrowheads indicate positive polarity for currents and voltages. 


Firstly, © 


} before flashover of the test gap was determined principally by 
| Gi; L and Rr). If the test circuit was overdamped, flashover 
} would occur near the peak, if at all. If the circuit was under- 


peaks would be of decreasing magnitude. At frequencies less 
| than about 10ke/s (ie. over the range covered by this work) 
| the decay in peak values was sufficiently marked to make flash- 
poet unlikely except near the first peak. Flashover was there- 
fore taken to occur near that peak; i.e. the time to flashover 
} was short compared with the duration of the impulse-voltage 
} wavetail. 
a Now, during the time to flashover, the current, i,¢,, from the 
} impulse generator could only flow in the power circuit, where, 


| 


| Fig. 1: the resistance network RyR,Ry was used for measure- 
} ment only and its conductance can be ignored.) Hence, i, was 
| of opposite sign to the impulse current, ijg,, and the correspond- 
ing impulse voltage, vjg, This held true at the instant of fiash- 
j over of the test gap, so that ip was of opposite sign to vjGp. 

} Again, since flashover occurred near the first voltage peak, 
| di,{dt could not reverse polarity between the instants of applica- 
) tion of the impulse and flashover of the test gap. Hence the mag- 
| nitude of ip increased with the time to flashover of the test gap! 
/It is interesting to note that the discussion of the polarity and 
} magnitude of ig would be substantially unchanged if the power 
source were conventional instead of synthetic. 

| In all experiments covered by the present work, the current 
}circulated by the impulse generator in the power circuit was 
{sufficiently small for the voltages across C and Cyg to be sub- 
} stantially unaffected by it. Hence vg and vg, the values of 
} these voltages at the instant of flashover of the test gap, can be 
| taken as equal to the voltages to which the capacitors were 
| charged before the impulse was applied. 


(4.3) Measuring Technique 


For experimental purposes, follow current was deemed to have 
| been established if an arc was maintained from the power circuit 
| for approximately one half-cycle [i.e. for a time approximately 
{equal to 1/2f, or 7/(LO)]. It will be noted that this definition 
) does not take into account the reignition of the discharge after a 
} natural current zero of the power circuit. 

| There was considerable variation in the test-gap voltage, which 
f had a high value just before flashover, and reduced to an arc 
f value immediately afterwards. A potential divider consisting of 
) Ry, Rr and Ry (Fig. 1) was therefore developed for recording 
| the discharge voltage and gave very satisfactory results.® 

| The current i, flowing in the power circuit was obtained from 
‘the voltage across R,. To avoid undue damping, R, had to 
be low; consequently the voltage across R, was amplified before 
) application to an oscillograph. 

| The current i,, passing through the test gap was originally 
| measured in terms of the voltage appearing across the shunt in 
| series with the gap, but owing to the large variations in current 
| with time it was found preferable to measure the component 
currents in terms of the voltages across R,jg and R,. 

| The impulse duration, t;, was measured very accurately by 
| applying the voltage across R,jc to an oscillograph through an 
| amplifier. The amplifier was driven to saturation by the impulse 
current, except when that current was very low, so that the out- 
put waveform of the amplifier approximated to a rectangular 


pulse of duration f;. 


(4.4) Procedure 


|. The test procedure was to fix all variables except V9, the voltage 
to which capacitor C was charged. Vp was varied on successive 
“flashovers, until follow current occurred occasionally, when the 


| 
: 
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} with the conventions adopted, it is designated by —i, (See. 
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value of Vp was said to be ‘critical’. vy was then decreased until 
follow current did not occur after any of 7m flashovers applied, 
giving one limit of the range of critical values; it was then 
increased to establish the upper limit of the range, and the 
procedure was repeated several times in each test. When near 
one of the limits, v9 was varied in steps of not more than 10°%. 
The quantity n had the value of 5 or 10, as indicated where the 
results are presented. The upper and lower limits of the 
critical range of vg were determined the same number of times; 
their arithmetic mean was taken as the mean critical value of 
Uo for a specific test. Other voltage and current values, recorded 
when vo had a critical value, will themselves be referred to as 
‘critical’. 


(S) CLASSIFICATION OF PHENOMENA 


All work discussed in this paper was carried out with v;g9 
and U9 positive to earth, except that described in Section 9, 
where polarity effects are considered. Two types of follow 
current have been defined, and will be referred to as high-voltage 
(h.v.) and high-current (h.c.) follow current, respectively. One 
of the important factors in determining which type occurs is the 
impulse duration. Of the two impulse generators used (Table 1), 
the 200 kV plant was capable of producing h.v. follow current in 
gap lengths of practical interest, and for this reason the paper 
pays most attention to this type of follow current. 


(5.1) High-Voltage Follow Current 


High-voltage follow current was obtained when the impulse 
duration was much smaller than the half-period of the power 
circuit; in fact, when t; << 1/16f. Typical oscillograms of dis- 
charge voltage v,, and power current i, are sketched in Fig. 2. 
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Fig. 2.—H.V. follow current (t1 < 1/2f). 


(a) Follow current established. 
(6) Follow current does not occur. 


Before the impulse was applied, the test-gap voltage equalled 
the voltage to which C was charged; it has been seen that that 
voltage had the value ¥. Immediately the impulse was applied, 
the test-gap voltage rose, but the voltage measured across Ru 
(see Fig. 1) did not rise in proportion, because of the non-linear 
unit of the potential divider. At the same time, a current was 
circulated in the power circuit by the impulse; that current had 
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the value ip at flashover. (See Section 4.2.) ig appears to rise 
instantaneously in Fig. 2 because of the time resolution used. 

When flashover occurred, the voltage at the test gap collapsed 
to the low value corresponding to the are carrying the impulse 
current. That current ceased after t,, when i,; was the value 
of any current supplied by the power circuit to the discharge. 
During the period from ¢, to f,, the waveshape of Vee might 
exhibit glow/arc and arc/glow transitions; in certain limiting 
cases, follow current was established by a glow/arc transition 
after a glow had been maintained for a time of the order of 
1 millisec. These discharge characteristics are discussed else- 
where.’ 

Analysis of the oscillograms showed the principal charac- 
teristics of h.v. follow current to be as follows: 

(a) The critical value of igs is small; Table 2 shows it to be 


between 0-1 and 2:Oamp. (Values obtained with a negative 
impulse are discussed in Section 9.) For gaps up to lcm, the 


Table 2 
—— Range of critical i,.; values 
Power-circuit Gap 
_ output spacing 
impedance, Z Positive impulse | Negative impulse 
Ohms | cm amp amp 
140 10 0:40-0:50 1-1-1-3 
pe? eg t490323 0-9-1:3 
] 0:32-0:35 0-3-0°8 
12:2 10 0-6-0°9 
| 
1 0-4-0:6 
4-3 | 10 0:-9-2-0 
1 0-9-1°4 
| 


critical value of ig, is of the same order as the current associated 
with glow/arc transitions in a high-pressure glow.7*9 Corresponding 
data for larger gaps are not yet available. 

(6) The critical value of vo is large compared with an arc voltage. 
At gap spacings for which glow characteristics are available, it was 
found that the critical value of vp tended to the voltage required to 
maintain a constant glow in the test gap. 

(c) Either follow current is established or the gap deionizes 
within a short time (of the order of 100 microsec) from the end of 
the impulse. 


(5.2) High-Current Follow Current 


High-current power follow operated for 1/16f< t, < 1/2f 
and its mechanism is best explained by considering the 
telation between the value of vp, and the duration, ¢,, of 
flow of current in the power circuit. (See Fig. 3.) When 
Vp was very low (dotted parts of curves) the impulse circuit 
fed current to the power circuit as well as to the test gap 
during ¢;, and the test gap deionized before the impulse ceased. 
Follow current clearly could not occur in this case. The 
voltage ¥) opposed the growth of impulse current in the power 
circuit under these conditions, so that, the greater vp, the smaller 
was the current flowing in the output gap of the impulse generator 
after the test gap ceased to conduct, and the more rapidly did 
the generator gap deionize. Hence t, decreased as vp increased. 
It may be noted that precisely the same conditions held in the 
case of h.v. follow current at values of v9 well below critical. 

When vp was increased sufficiently, conduction was maintained 
in the test gap for a little while after the end of the impulse, and 
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Fig. 3.—H.C. follow current (1/16f < t; < 1/2f). 


Relations between the duration of flow of power-circuit current and the power- | 
circuit voltage. The curves are envelopes of the areas covered by the scatter of results. 

Circuit data: f = 500c/s, Z = 40 ohms, t; = 160 microsec, izg9 = 80 amp, ip = 0. 
Electrodes: 0-063 cmi-diameter heavily oxidized tungsten rods. Number of flashovers" 
at each value of 1, = 5. The gap spacings are given on the curves. | 
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Fig. 4.—Sketches of waveforms of i, obtained when the h.c. 
follow-current mechanism operated. 


oscillograms were similar to Fig. 2(b). The characteristics of 
h.c. follow current emerged when vg was larger still, and are 

illustrated by the family of curves given in Fig. 4. igg4 WAS 
sufficiently large (greater than 0-5amp) to maintain an arc con-— 
dition, so there was little variation in v,, after the impulse ceased. | 
However, v, decreased as the discharge proceeded, and a time 
was reached after which v,, exceeded v,. The current, i,, then 
began to decrease, and the discharge could be maintained for 

appreciably less than 7/(LC): ie. follow current was not 

established, although an arc was maintained for some time after 

the end of the impulse and there was little variation in OF 

immediately after the impulse ceased. Increasing Uo increased 

%,, so that v, exceeded v,, for a longer time: that is why ie 

increased with vp, as shown qualitatively by Fig. 4, and quanti- 

tatively by the full curves of Fig. 3. It will be noted that in 

some cases ft, exceeded 7/(LC) slightly when vp was relatively 

small, and then tended to 7/(LC) as vp was increased. This 

was due to the test-gap voltage’s reducing the rate of discharge 

of C at the lower values of vp. 

Owing to the shape of the #,/v) characteristic, further clarifica- 
tion of the definition of follow current is necessary when the 
h.c. mechanism holds. It has been shown that t, increased 
rapidly with vp until it reached a critical value approximately 


| 


was not established. 


{ PHENOMENA USING A SYNTHETIC POWER SOURCE 
equal to 0-97r/(LC), and this was taken as the value of ty 


required for follow current. A similar definition is unnecessary 


} in the h.v. case, because then an arc was either maintained for 


approximately 7,/(LC) seconds, when follow current was 
established, or only for a much shorter time, when follow current 
(See Section 5.1.) 

The characteristics of h.c. follow current can be summarized 
as follows: 


(a) The critical value of i,; is sufficiently large to maintain an arc 
after the end of the impulse. 

(b) The critical value of vo is low, being of the order of an arc 
voltage. 
_ (c) Current flows for a considerable time after the end of the 
impulse, whether or not follow current is established, Except for 
very low values of vo, there is a general increase in the time, fp, for 
which follow current flows, with increase in vp. This is illustrated 
in Figs. 3 and 4. 


é It follows from the preceding discussion, and from point (c) 
in particular, that the establishment of h.c. follow current 
depends primarily on the characteristics of the power circuit 


and of the discharge, and is substantially independent of the 


impulse, provided the latter does in fact initiate an arc. Experi- 
mental confirmation of this conclusion is given in Section 7.3. 


(6) EFFECT OF VARIATION IN POWER-CIRCUIT 
IMPEDANCE, Z 

The effect of variation in output impedance, Z, was investigated 
using copper-rod electrodes, 2cm in diameter, with rounded 
edges, at spacings of 1cm and 10cm, under conditions giving 
h.v. follow current, with t; = 220 microsec (see Table 1, col. 3). 
Results are given in Fig. 5, and only positive-impulse curves will 
be considered in this Section. 
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Fig. 5.—Relation between critical values of vo and Z. 
Vertical lines give the scatter, and horizontal lines the mean, of the value of v 


obtained in any test. 


Circuit data: f = 50c/s; izrg9 = 40amp. Electrodes: 2cm-diameter copper rods, 
with rounded edges. m = 10 flashovers. 
Power voltage positive throughout. 


The output impedance, Z, affected the establishment of follow 
current in two ways. Firstly, it controlled the rate of rise of 
the current, i,. It has been seen in Section 5.1 that the impulse 
duration, ¢,, was short compared to 1/2f in the case of h.v. 
follow current, and, furthermore, the critical value of vp tended 
to a glow value. Hence, while the impulse was maintained, v, 
approximated to vp (since t; < 1/2f, so that there would have 
been no significant decay in the voltage across C) and therefore 


‘to the order of voltage associated with a glow discharge. 


Furthermore, the discharge was an arc during the impulse period 
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so that v,,, being an arc voltage, was much smaller than OM, 
Consequently, from Fig. 1, i, ~ (vo/Z) sin [t/\/(LC)] during the 
impulse. Increasing Z therefore reduced the current available 
to maintain the discharge at the end of the impulse, so that a 
higher value of vp was required for follow current. This is con- 
firmed by the 1cm curve (positive impulse) of Fig. 5, and it will 
be seen that vp did not rise in proportion with 1 /Z. This was 
due to the fact that the higher the value of Up, the greater was the 
voltage available at the test gap, and therefore the smaller was 
the current required to maintain conduction. This is illustrated 
in Table 2 (positive impulse) and is also discussed elsewhere.” 
The second effect of Z on the establishment of follow current 
was due to its effect on ip, which was negligible in the case of a 
lcm gap, but not in the case of a 10cm gap. The relation 
between ip and Z for the latter is shown in Fig. 6 and can be 
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Fig. 6.—Relation between iy and Z, and between critical values of 
ig¢1 and Z for 10cm gap. 
Other data as for Fig. 5. 


explained in terms of the relations between L and Z, and L 
and ip. JL had to be decreased to decrease Z, since Z = 1/(L/C) 
= 27fL, and f was constant at 50c/s. Now, the decrease in L 
resulted in an increase in ig, for two reasons. Firstly, the 
impedance presented to the discharge of Cjg (before flashover of 
the test gap) decreased with L, so that a larger current was cir- 
culated in L before flashover. Secondly, the impulse voltage 
appearing across the test gap decreased with L, so that the time 
to flashover of the test gap increased. Hence the decrease in 
Z, which entailed a decrease in L, resulted in an increase of ig. 

Now, it will be seen from Fig. 2, that ig opposed the growth 
of i,,;, So that, the higher the value of ig, the greater was the 
critical value of vg. Hence the effect of Z on ig resulted in an 
increase in the critical value of v9 as Z decreased. 

The shape of the 10cm positive-impulse curve of Fig. 5 can 
now be explained in terms of the two effects of Z. At values 
of Z in excess of 12 ohms, its effect on the rate of rise of i, 
predominated over its effect on ip, so that vp rose with Z, as 
in the case of the 1cm gap. At lower values of Z, the value of 
ig was much greater (Fig. 6) and this became the predominant 
effect, so that vg increased as Z was decreased. 


(7) IMPULSE EFFECTS 


The effects of the impulse can be divided into voltage and 
current effects. The impulse voltage itself had two effects. 
Firstly, it circulated a current in the power circuit. The polarity 
and magnitude of this current could be predicted from the 
impulse-voltage waveform, the impedance presented to it by the 
power circuit, and the time to flashover of the test gap. 
(Section 4.2.) It has already been shown that, when both the 
impulse and power voltages were positive, the current circulated 
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by the impulse tended to impede the establishment of power 
follow; that current could, however, have precisely the opposite 
effect in the case of different polarity combinations, as will be 
shown in Section 9. 

The second effect of the impulse voltage was to flash over the 
test gap. After flashover, the important impulse characteristic 
was its current waveform, i.e. the current fed to the test gap, 
and its principal parameters were the duration, f,, and peak 
value, ijgo. 

The impulse current largely determined the ionization intensity 
of the discharge during ¢,, and affected it for a considerable time 
after the impulse had ceased; thus, after t,, the test-gap voltage 
might have been decreased by residual ionization due to the 
impulse, or increased owing to the violent air movement (and 
consequent deionizing losses) set up by the relatively large impulse 
current. These effects complicated the relation between the 
impulse waveform and the critical value of vp, but an under- 
standing of the effects of t, and ijgq on the establishment of 
follow current is facilitated by a simplified analysis which ignores 
the residual effects of the impulse, and is given below for the 
h.v. case. 

From Fig. 1, the resistance of the shunts and the conductance 
of the potential divider being negligible, 

i 
oe = Uz — Vgy 
with the boundary conditions that i, = ip at t = 0. 

The value of i,, can therefore be obtained by integrating the 

above expression between the limits t = 0 and t = ¢,, giving 


ty 


; : 1 
lg Joo L (UY, — Ug,)dt 
0 


Now, during t;, ¥, ~ Up since t; < 1/2f, and v,, < vp since 
the discharge was an impulse arc and vp tended to a glow value. 
(See Section 5.1.) 

Hence, to a first approximation, 

ES ligae “ot 

Thus, if i,; and ig were constant, v < 1/t,. In fact the 
critical value of i,; varied within an order of magnitude under 
different experimental conditions, and usually decreased when 
the critical value of vg was raised.’ ig depended on the impulse- 
voltage waveform, and was not directly affected by variations 
in t; Or ijgo. Hence two points emerge from this analysis. 
Firstly, increasing t; decreased the critical value of vp, but the 
decrease was smaller than if vj had been inversely proportional 
to tj. Secondly, ijg9 does not appear in the above expression, 
so its effect on vg must have been small compared with that of 
variables which do appear in it. Hence the effect of ijgg was 
small compared with that of f;. 

The physical explanation of these conclusions is as follows. 
Firstly, the power current had a longer time to build up if ty 
was increased, so that follow current could occur at a lower 
value of vp). Secondly, the magnitude of the impulse current 
affected the state of ionization of the test gap, and hence the 
magnitude of v,,. Now v,, has been shown to have been small 
in any case during the impulse period, so that the effect of iGo 
was negligible to a first approximation. 

Experimental verification of this analysis is given below. 


(7.1) Variation in Duration of Impulse Current 


The duration of the impulse current was varied independently 
of its amplitude by altering R;. (See Fig. 1.) Results are 
given in Fig. 7, and it will be seen that Uo varied roughly in 
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Fig. 7.—Effect of variation in impulse duration on the critical 
value of vo. 


The curve v9 oC ty 1/2 is shown dotted for comparison. 


Circuit data: f= 50c/s, Z=40 ohms, izg9 = 80amp, ip = 0. Electrodes: 


0:063cm-diameter heavily oxidized tungsten rods spaced 0:Scm apart. n= 


flashovers. 


. . 1 
inverse proportion to +/t,; over the range of variables covered. 


Thus vp) decreased with increase in t;, but the decrease was less 
pronounced than that obtained from v & 1/f;. 
the first conclusion of the analysis given above. 


Occasional restrikes of the impulse-generator gap were recorded _ 
in the test in which t, = 55microsec (Fig. 7) after arc/glow 


transitions had occurred in the test gap. These restrikes caused 
a slight increase in the critical value of v, since they resulted in 


oe 


This confirmed > 


the collapse of the test-gap voltage, and thus precluded the > 


possibility of glow/arc transitions which might have established 
follow current. 


might have been in even closer agreement. 


(7.2) Variation in Magnitude of Impulse Current 
The resistances R- and Rr were varied simultaneously in an 


attempt to alter the magnitude but not the duration of the 


impulse current. 


Circuit parameters were otherwise as for 


In no other test were such restrikes recorded:, 
had they not occurred in this instance the two curves of Fig. 7 


} 
| 
: 


| 
| 
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Fig. 7, and the condition ijgg = 80amp, t; = 180 microsec, was — 


taken as reference. 

It was found that, when ijg) was reduced to one-tenth of its 
value, the critical value of vp increased by 38%. Unfortunately 
the change in discharge resistance (due to decrease in ij¢,) 
resulted in a 26% decrease in t;, and this probably accounted for 
a significant part of the increase in %. However, even if the 
whole of the increase in Ug were ascribed to the change in ijgo, 
the effect of ijg 9 would be small compared with that due to 1f,, 
as analysis of Fig. 7 will show: starting from t,; = 180 microsec, 
an increase of 38 % in vg could be obtained by halving t;. Hence 
a decrease to at least one-tenth in the value of ijgg was required 
to achieve the same increase in the critical value of vg as a 
decrease to one-half in the value of t;. This confirmed that ijgo 
was much less effective than ft; in determining the critical value 
of v9, and thus confirmed the second conclusion of the analysis 
given above. 


(7.3) Variation of Impulse-Current Waveshape obtained by 
varying Ry 

Increasing Ry increased the duration of the impulse current 
and decreased its amplitude; it follows from the preceding 
Sections that the increase in duration, t;, was the dominant 
effect. This was verified by altering R; to give the same range 
of values of ft; as in Fig. 7; the effect of varying amplitude and 
duration could therefore be compared with that due to variations 
in duration alone. In a first test, t; was 180microsec and 
experimental conditions were identical with those corresponding 
to Fig. 7. Rr was then reduced, reducing t, to 100microsec 


j and increasing ijgy to 160. amp; the critical value of v» was the 
same as that corresponding to 100microsec in Fig. 7, where 
\ igo is 80 amp. Further reduction in R,, which decreased 1, 
|} to 50microsec and increased ijgg to 600amp, resulted in 
) % = 510 volts, which was somewhat higher than the correspond- 
ing value in Fig. 7. This difference in the critical value of Uo 
} was probably caused by increase in air movement at the test gap 
owing to the greater impulse current. This increase could have 
| persisted after the end of the impulse, increasing the deionizing 
{ losses, and thus requiring a higher value of vg for the establish- 
} ment of power follow. 

A family of curves showing the relation between R- and the 
‘critical value of Up is given in Fig. 8. All the curves are similar, 
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| Fig. 8.—Effect of Rr on the critical value of vo at different frequencies 
} and gap spacings. 


) _ The vertical lines give the scatter obtained in all tests carried out at a given Rye 
| The horizontal lines give the mean critical values of v9 obtained in each test. 
An approximate time scale is given for the impulse duration, f;. 


Circuit: Z = 40 ohms, izgop = 80amps, ip = 0. Electrodes: 0°63 cm-diameter 


} heavily oxidized tungsten rods. n = 5 flashovers. 


) and the critical value of vp decreased as R; increased. Follow 
/current was of h.v.-type at R-< (150/f) x 103 ohms, and of 
| h.c.-type at higher values of Re. (The output of the impulse 
# generator was aperiodic for all values of Ry used in this work.) 
| It will be seen from the graphs that the critical value of v 
} increased little when R, was decreased below about 100 ohms. 
| This was because the critical damping resistance of the impulse 
i circuit was of the order of (but less than) 100 ohms. At 
| R- < 100 ohms, therefore, the stray inductance of the impulse 
| circuit became important in controlling the impulse current, and 
| the effect of changes in R- was relatively small. However, Rr 
} became more effective when it was increased above 100 ohms, 
} and vp fell rapidly at first. Eventually the rate of decrease of 
%) was much reduced: this was because h.c. follow current then 
} flowed, and an arc could be maintained for a considerable time 
| after the end of the impulse without necessarily being maintained 
{for a full half-cycle of the power circuit. The critical value of 
| % tended to be determined by the power circuit and discharge 
| characteristics, and changes in impulse parameters were relatively 
| unimportant. 


(8) ELECTRODE EFFECTS 


Electrode characteristics were significant at small spacings, and 
_a separate study has been made for gaps up to 1:Scm.’ Fig. 9 
| illustrates the dependence of vp on electrode material for spacings 
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Fig. 9.—Effect of spacing on the critical value of vp for 2cm spheres 
oxidized by flashovers. 


Circuit: f = 50c/s, Z = 40 ohms, ty = 180 microsec, izgg = 80 amp, ip = 0. 


up to 1 cm, and it will be seen that the relative difference between 
the curves decreases with increase in spacing. The reason for 
this is that, as the spacing increased, the potential fall at the 
electrode became a smaller proportion of the total discharge 
voltage; it may therefore be inferred that electrode effects would 
ultimately become negligible if the increase in spacing were con- 
tinued. This inference was confirmed in an experiment under 
conditions similar to those used to obtain Fig. 9, except that the 
spacing was fixed at 10cm. Brass and copper electrodes were 
used in different tests, and the ranges of critical values of vg were 
1-7-2:2kV and 1:7-2-1kV respectively, with mean values of 
1-9kV in both cases. 


(9) POLARITY EFFECTS 


Conditions were examined when Up and v;¢9 were alternatively 
of the same or of opposite polarity to earth. The actual 
polarities of these voltages (i.e. whether they were positive or 
negative to earth) could only affect matters because of the 
asymmetry of the test gap. Now, the test gap was in an ionized 
condition at the times at which the establishment of follow 
current was determined, so the effect of asymmetry was of 
secondary importance and could be ignored. In the experi- 
ments discussed in the preceding Sections, vg and vjgq were both 
positive to earth, so the discussion covered only the first of the 
alternative cases. The other case will now be studied by con- 
sidering the results of reversing the polarity of vjgo. Typical 
waveshapes for i, and v,, obtained in this condition are given 
in Fig. 10. 

Reversing the polarity of vg 9 made the current ig positive 
(Section 4.2) and the discharge voltage, v,,, and current, ig;, 
were negative initially, since the discharge was initiated by a 
negative impulse. Now, Up being positive, i,, had ultimately to 
become positive if a power arc was to be established. Con- 
sequently, at some time, ¢,, after flashover, there had to be a 
current reversal and hence a current zero in the test gap. This 
current zero was reached because ig, was negative and decreased 
in time, and i, was positive and increased: at f,, these two 
currents became equal in magnitude, and i,, was then zero, since 
it equalled their algebraic sum. It will be noted that ij¢, was 
finite at f,, so the output gap of the impulse generator was 
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Fig. 10.—Waveshapes obtained when the impulse and power voltages 
were of opposite polarity, and the establishment of follow current 
was just possible. 


still conducting, and consequently ¢, was less than the duration 
of the impulse, 7,. 

Other effects of reversing the polarity of the impulse may be 
deduced from consideration of the value of i,, obtained when 
the duration of the impulse (and hence ¢,) was much smaller 
than the half-period of the power circuit. As in Section 7, 


subject to i; = ig att =0. Now, if t, < 1/2f, v, approximated 
to Up during that period, 
L— = Vo — Upts fort< ie 


and therefore 


Vol, 
Perk ! a 
l1q 19 ] ie 


ae 
_— V,,at 
eae 


When the impulse was positive, ig was negative and Ug, Was 
positive, so that they opposed the growth of i,. In the case now 
considered, v,, was negative during #, and ig was positive: hence 
i,, could be substantially greater in the case of the negative 
impulse than when the impulse was positive. It will be remem- 
bered that i,, denotes the current available from the power 
circuit to maintain the discharge, subject to the test gap being 
flashed over after ¢,. 

The following conclusions can now be stated: 


(a) A current zero is induced in the test gap towards the end of 
the impulse if vp and vjgo are of opposite polarity, but not if they 
are of the same polarity. In the former case, therefore, follow 
current can only be established after a restrike. 

(6) The time, ta, for which the impulse maintains the discharge 
when vo and vjGo are of opposite polarity, is shorter than the time, 
t1, for which the discharge would be maintained if vo and vzgo 
were of the same polarity, other things being equal. The power- 
circuit current therefore has less time to build up in the negative- 
impulse case. 

(c) Owing to the effects of ip and vg, ig may be larger when 
vjgo and v are of opposite polarity than when they are of the same 
polarity. A larger current may therefore be available to maintain 
the discharge at the end of the impulse when wg and vp are of 
opposite polarity, despite effect (b) above. 


Thus follow current is more likely when vp and v;go are of the 
same polarity than when they are of opposite polarity, provided 
effects (a) and (5) predominate over (c) (and vice versa). The 
relative importance of these effects is determined by the specific 
circuit and gap used; this is the reason for the apparently con- 
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Fig. 11.—Typical oscillograms of power current and gap voltage: 
obtained when the initiation of power follow was just possible. © 


f = 50c/s; t; = 220 microsec; large copper electrodes. 

(a) 10cm gap; positive impulse; Z = 52 ohms. | 

(b) 10cm gap; negative impulse; Z = 52 ohms. (Gap current reverses at f = taal 

(c) 1cm gap; positive impulse; Z = 140 ohms. (Arc/glow transitions are indicated 
by discontinuities.) 


tradictory results which were obtained by previous investigators : 
and have been discussed in Section 2. | 

These conclusions have been confirmed by the experimental — 
results presented in Fig. 5. ig was negligibly small in the case 
of the 1cm gap, so that effect (c) was negligible. Hence follow 
current became established more readily when vg) and Vg were 
of the same polarity: that is why the appropriate curve lies below 
that obtained with vp and vjgp having opposite polarity. 

In the case of the 10cm gap, ig was large and effect (c) pre- 
dominated. Follow current was therefore established more 
readily when vp and v/gq were of opposite polarity. 

It has been shown that, when vp and vc are of opposite 


polarity, two conditions must be satisfied to establish follow 
current, namely 


(a) the recovery voltage due to the power circuit must be capable 
of restriking the test gap at the end of the impulse; and 

(6) the power circuit must be capable of maintaining a discharge in 
the test gap after the impulse has ceased. 

These conditions must be satisfied in the sequence in which 
they have been stated. Once the first is fulfilled, the establish- 
ment of follow current depends on the second. Now, the 
second is the only condition which must be fulfilled when v9 
and Ujgo are of the same polarity. Consequently both types of 
follow-current mechanism (h.v. and h.c. follow current) identified 
when V9 and vG9 were of the same polarity may operate when 
Vp and V7¢q are of opposite polarity. In the latter case, however, 
it is possible that the critical value of vg may be determined 
primarily by the first condition, so that its value (and that of 
ig,) may be in excess of that at which the second condition may 
just be satisfied. Thus, in the experiments displayed in Fig. 5, 
power follow either occurred or the discharge deionized within 


| 
| a short time from the end of the impulse, and the critical value 
} of Uo was much greater than an arc voltage; these are charac- 
) teristics of the h.v. mechanism. Nevertheless, the critical value 
of lot (see Table 2, negative impulse) was greater than the 
} Minimum value at which h.v. follow current could occur. 
t (Section 5.1.) 
| The second condition is specific to the follow-current problem, 
/ and must be satisfied whatever the polarities of Vigo and Up: 
/ there was no significant information on this subject when the 
| Present investigation was started. Condition (a) has been 
} studied under similar circumstances in investigations of the 
deionization of arcs.!°-!4 Jt was therefore decided to con- 
centrate the present investigation on the study of condition 
(6), ie. when vp and Vzgo have the same polarity, and only 
to show qualitatively the effects of polarity on the results so 
} obtained. Oscillograms obtained with both polarity combinations 
jj} are shown in Fig. 11. 


(10) CONCLUSIONS © 


A technique for investigating follow-current phenomena has 
been established, and two principal types of follow-current 
mechanism (h.v. and h.c.) have been identified. It has been 
shown that h.v. follow current becomes established at power 
currents of the order of lamp. One consequence of this con- 
clusion is that follow-current phenomena, including those in 
large gaps and at high power-voltages, may be studied in the 
laboratory, using a power source capable of providing currents 
of this order. 

The action of the impulse has been separated into voltage and 
current effects, and it has been shown that, in addition to flashing 
over the test gap, the impulse voltage may have an important 
effect on the establishment of follow current, by circulating a 
} current in the power circuit during the time to flashover of the 
test gap. After flashover, the current supplied to the test gap 
becomes the significant impulse characteristic, and it has been 
shown that its duration of flow is much more effective than its 
amplitude in controlling the development of follow current. 

A study of polarity effects has shown that two important 

| conditions exist, depending on whether the impulse and power 
} voltages are of the same or of opposite polarity to earth. If 
they are of the same polarity, the establishment of follow current 
depends on the ability of the power circuit to maintain an arc 
| after the end of the impulse. This requirement must also be 
satisfied when the two voltages are of opposite polarity, but in 
addition the power circuit must then be able to cause a restrike 
| of the test gap. On these grounds alone, follow current occurs 
| more readily when the voltages are of the same polarity; the 
} reverse may, however, happen if the current, ip, circulated by the 
impulse in the power circuit during the time to flashover of the 
test gap is of the same order or larger than the current, i,,, 
| flowing in that circuit at the end of the impulse. 
At test-gap spacings less than about Icm, electrode charac- 
| teristics have a significant influence on the establishment of 
| follow current; their effect decreases with increase in spacing and 
| is negligible at 10cm. 
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(13) APPENDIX: CIRCUIT DESIGN FOR SYNTHETIC 
POWER-FOLLOW TESTING 


The design of the circuit will be discussed on the assumption 
that the follow-current frequency, f, its peak value, i,,, and the 
test gap are fixed by experimental requirements. 

An estimate of the value of vp required for arc initiation can 
then be made from the present experiments, or a value can be 
selected, arbitrarily in the first place, depending on the plant 
available. The output impedance, Z, is calculated next from 
Z =Vpofim, on the assumption that the power-circuit resistance 
(which includes the discharge) is negligible. If the value of Z 
is low, say less than about 10 ohms, the validity of this 
assumption must be verified. This may be done by experiment, 
or the current waveshape may be estimated by assuming a 
simplified waveform for the arc voltage. If damping is excessive, 
Z has to be increased and this will necessitate a corresponding 
increase in Up. 

The power-circuit capacitance and inductance values can now 
be calculated from C = 1/2nfZ and L = Z/2nf. If the induc- 
tance has a large value, it can be made in two parts, and only 
one of these need withstand the impulse voltage. (See 
Section 4.1.) 

The impulse voltage, ¥;go, Should be of the same polarity as 
Vp; otherwise a restrike is required to establish follow current. 
(Section 9.) Under these conditions the current jg opposes arc 
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initiation, and should be kept negligibly small. Hence the value 
of vGo must be adequate for small times to flashover of the 
test gap. 

ig being negligible, the impulse duration, ¢,, can be obtained 
from i, ~ UVot,/L (Section 7). Now, vp and L have been 
determined above, and h.v. follow current occurs for currents 
greater than about lamp (Section 5.1). Hence tf, should 
exceed L/v9 seconds; its actual value is determined principally 
by the impulse circuit, ie. by Cyg, Rr, Rr and Gyg (Fig. 1). 
Decreasing Ry decreases ¢,; and thus tends to impede the 
establishment of follow current (Section 7.1), so that R; should 
be given the maximum value consistent with satisfactory charging 
of the impulse generator. Increasing C;g increases ¢,, but 
adequate control may be obtained more economically by means 
of Rr. In the first place, therefore, Cj;g should be selected so 
that, when tuned with L (or with that part of L to which the 
impulse is applied), the period is not less than about 100 microsec. 
This will ensure that the impulse-voltage wavetail at the test gap 
is not unduly short. 

The impulse duration increased with R, over the range of 
variables covered by this work (Section 7.3), but it is likely that, 
if the increase in Ry had continued, a value would ultimately 
have been reached beyond which the reduction in ijg, would 
have resulted in earlier chopping of the impulse by the generator 
gap. Thus, further increase in R- would ultimately have resulted 
in a decrease in f;, and the optimum value of R; is best deter- 


[The discussion on the above paper will be found on page 141.] 


‘satisfactory performance was obtained. 


i 
} 
if 
mined empirically for a given plant. A lower value than this 
optimum may in fact be dictated by the steepness of the impulse- _ 
voltage wavefront, and by the regulation of the impulse plant. il 
If the value of t; which can be obtained under these conditions | 
is not adequate, three solutions are possible: vy may be increased — 
so that power follow occurs at a lower value of t;; C;g may be 


increased to increase t;; or a current equal to the critical value | 
| 
| 
| 


of i,, may be circulated in L before flashover, by placing a 
resistance in parallel with the test gap. Immediately flashover — 
occurs, that current is fed to the discharge, so that follow current 
may occur at very low values of ¢;. This technique was in fact — 
used successfully by Provoost? in tests on power transformers. 
The generator output gap must fulfil two functions. Firstly, _ 
it must allow the impulse current to flow, without chopping 
it prematurely. Secondly, after the impulse current has fallen — 
to a low value, the output gap must chop it, and it must 
effectively disconnect the impulse circuit from the test gap, i.e. 
the output gap must not restrike. Restrikes of this gap may | 
impede the establishment of follow current by providing a circuit _ 
through which power current may flow in preference to the test — 
gap, or by setting up high-frequency oscillations in the loop con- 
sisting of the impulse generator and the test gap. In the present — 
work, the generator output gap consisted of the same type of © 
electrodes as the other gaps of the impulse generator, but the © 
spacing was the maximum at which flashover could occur, and a i 
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SUMMARY 

An analysis is made of discharge characteristics when arc initiation 
is just possible, and effects due to electrode material, shape and surface 
“condition are studied. After the energy associated with the initial 
high-voltage pulse has dissipated, the current is shown to be of the 
order of 0:-tamp. The discharge is then unstable, and frequent transi- 
tions may occur between glow and arc conditions. Agreement has 
been obtained with discharge characteristics obtained under steady- 
state conditions. 

Criteria for arc initiation have been derived in terms of the discharge 
characteristics. 

These results are significant for an understanding of the development 
of a power arc in the path of a surge breakdown on electrical apparatus 
especially for gaps up to about Icm. 


(1) INTRODUCTION 


The most common instances of arc initiation by impulse 
flashovers occur on electrical power systems, where follow 
current is sometimes produced in this manner.! An experimental 
‘technique in which an arc is initiated by impulse flashover has 
been in use at least since 1839,? but a detailed analysis was first 
published by Edels in 1951,> while the present investigation was 
in progress. Edels discussed the limiting values of circuit para- 
meters and designed a circuit which operated satisfactorily under 
certain experimental conditions. Few data were available on 
voltage/current characteristics under these conditions, and in 
view of this fact, and of the complexity of the problem, Edels 
made some important assumptions in arriving at his conclusions. 

The principal object of the present investigation was to study 
the discharge characteristics for a variety of electrode and circuit 
conditions, and hence to determine criteria for arc initiation. It 
will be shown in the following Sections that the discharge is 
transient in character: its characteristics are studied shortly after 
flashover, when current has just fallen from some tens of amperes 
to less than one ampere, and there are numerous transitions 
between arc and glow characteristics. Similar characteristics 
have previously been recorded under steady-state conditions,* 
and particular reference will be made to work by Gambling and 
Edels> and Sutherland.® 

Electrode effects have been the subject of several investigations, 
but are by no means fully understood. Druyvesteyn’ suggested 
that electron emission from a cathode with a low melting point, 
such as copper, may be due to a thin insulating layer, and Suits 
and. Hocker® showed that arc initiation could be facilitated by 
the presence of an oxide layer on copper and silver electrodes. 
This was confirmed for copper by Cobine,’ who also found that 
| impurities on the cathode had a similar effect. Bruce’® obtained 

glow/arc transitions between water-cooled copper electrodes in 
| hydrogen, and concluded that these transitions were independent 
of cathode condition. It would appear, therefore, that condi- 
tions such as oxidation assist arc initiation but are not essential 


for it. 


Dr. Alston was previously at the Royal College of Science and Technology, Glasgow, 
and is now with A. Reyrolle and Co., Ltd. 


> 


Further confirmation of the effects of oxidation was obtained 
by Llewellyn Jones and de la Perelle.!! Edels!? found that 
glow/arc transitions could be obtained on tungsten and copper 
electrodes in the presence of salt or grease contamination, but 
that transitions could not be induced by local oxidation of the 
electrodes. Transitions were, however, induced if layers of 
oxides or powders of the same metal were placed on the 
cathodes.!2_ Subsequently, Price, Gambling and Edels!3 put 
forward the view that surface irregularities were more effective 
than oxidation in inducing glow/arc transitions. 

The present investigation was carried out in air under atmo- 
spheric conditions, and the study was confined to currents in 
excess of O-lamp. Under these conditions, the discharge, 
whether glow or arc, has a negative characteristic in the steady 
state;+>»© in fact, such a characteristic has been recorded down 
to 0:Olamp.* The discussions in this paper apply only to 
current values which give a negative characteristic under steady- 
state conditions for the gap considered. 


(2) CIRCUIT DATA AND DEFINITIONS 


The measuring technique and procedure have been described 
elsewhere,!+!5 so that Fig. 1 shows only the low-voltage (l.v.) 


ne it lit 


Lge 


Fig. 1.—L.V. source and test gap. 


Arrowheads indicate positive polarity. 


source from which the arc was ultimately maintained, together 
with the test gap and the appropriate symbols. The subscript ¢ 
is used to denote instantaneous value at any time, and may be 
replaced by 0, f1, etc., to denote values at the instant of flashover 
of the test gap, at the instant at which the current from the 
impulse generator ceased (due to extinction of the discharge in the 
output gap), or at some other specified instant. Thus, at the 
instant of flashover, the l.v. capacitor was charged to the value Up. 
This value was said to be ‘critical’ if arc initiation was just 
possible: there was usually a range of such values at which some, 
but not all, flashovers resulted in arc initiation. For experimental 
purposes, the upper limit of this range was taken as the value of 
Up at which arc initiation occurred on five successive flashovers, 
and the lower limit as that at which it failed to occur on five 
successive flashovers. Both limits of v) were determined several 
times for a given experimental condition. The values of certain 
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other variables (e.g. i,,;), recorded when Up had a critical value, 
will themselves be termed ‘critical’. 

Unless otherwise indicated, the circuit parameters were as 
follows. The frequency of the ly. circuit [f= 1/27/(LO)] 
was 50c/s, and the output impedance [Z = +/(L/C)] was 
40 ohms. The impulse was supplied from a Marx impulse 
generator having an output voltage of 33kV peak and capaci- 
tance of 0-083 uF. There was no lumped wavefront capacitance. 
The wavefront resistance was 420 ohms, the wavetail resistance 
was 50 kilohms, and the duration of the impulse current, t;, was 
175 + 15 microsec. 

The mechanism of arc initiation which holds under these 
conditions has been named ‘high-voltage follow current’.! The 
difference between the cases in which an arc is initiated, and 
those in which it is not is clear cut; the l.v. circuit either takes 
over from the impulse and maintains an arc for about 1/2/f sec 
or more, or the discharge ceases shortly after the end of the 
impulse.! An arc maintained by the l.v. circuit will be known 
as a ‘power arc’. 


(3) THE TEST GAP 


Tungsten, copper, aluminium, brass, steel and platinum elec- 
trodes, of commercial purity, were used at spacings up to 1-5cm. 
Electrodes will be described as large when their arcing surfaces 
were large compared with the arc roots, and small when their 
arcing surfaces were of the same order as the arc roots. 

The large electrodes were of two types. The first consisted of 
spheres 2cm in diameter, which were mounted vertically in a 
conventional test-gap assembly. The second consisted of discs 
15cm in diameter and | cm thick, with the curved edges rounded 
to 1 cm radius (see Fig. 2). They were mounted on meta! shafts, 
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Fig. 2.—Test gap with disc electrodes. 


Pointers AA are used to indicate the angle through which the discs have turned. 


through which electrical connections were made, and held 
between Bakelized-paper supports. The spacing was measured 
with feeler gauges and was altered by moving the upper shaft in 
two vertical grooves cut in the supports. It was found that 
flashover always occurred centrally on the curved surfaces of 
the discs. 


The disc electrodes could be used in one of two ways, namely: 


(a) They could be rotated about their axes so as to obtain a fresh 
arcing surface. In the tests in which this was done the electrodes 
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were rotated once every five flashovers; it was found that almost | 


every flashover then occurred to virgin metal. When so used, the 


electrodes were said to be ‘clean’. 


(b) They could be fixed so that all flashovers occurred on a small ° | 
fraction of the disc circumference: that fraction of the circumference | 


became heavily oxidized, and the discs were then said to be 
‘conditioned’. 


The small electrodes consisted of rods having diameters of 


0:47-0:63 mm, and were mounted vertically in a conventional 
test-gap assembly. 

The lower electrode was always the cathode and was at earth 
potential. 


To determine the effect of flashovers, and to alter the surface | 


condition, the electrodes were sometimes conditioned by the 
application of a large number of flashovers. 


these conditioning flashovers, to give a surface condition similar 
to that obtained for a typical test sequence. 


(4) OPERATION OF CIRCUIT 


The operation of the circuit will be considered for the usual i 
case of an impulse discharge having a much smaller duration _ 


than the half-period of the l.v. source (in fact t; < 1/16f) and 
for critical values of vj. The performance of the circuit at 


higher values of vp follows readily from the discussion; the © 


performance at lower values is discussed elsewhere.! In the 
present work, the current which may be circulated by the impulse 
in the l.v. source was negligible except where otherwise stated, 
and is discussed in Section 5.3. 
similar’circuit,? this current is ignored altogether, and an assump- 
tion made for the derivation of one formula [formula (9) in 
Reference 3] is open to doubt. It is implicit in that derivation 
that the test-gap current and the currents from the two sources 
must each equal Jat the same moment. It is difficult to see how 
this equality could hold, since the gap current is, by Kirchhoff’s 
law, the sum of the other two currents. The experiments carried 
out by the present author do not justify the view that any of the 
currents need be equal at the relevant time, i.e. just before current 
from the high-voltage source ceases. 

Reverting to Fig. 1; power is fed to the test gap from the 
impulse and l.v. sources during the impulse period; the dis- 
charge is an arc during that time. After the end of the impulse, 
the power input to the discharge, p,; = ig;¥g,, is supplied by the 
l.v. source alone: unless vp is appreciably larger than its critical 
value, the gas will then begin to deionize, and v,, will increase 
in value. 

Now, i,,; =i; after the impulse. So long as 2, <, 
L(di,/dt) will be positive, so that i,, will continue to increase as 
Ugr Tises: consequently, pz, will also increase, and a point may 
be reached at which p,, will equal the deionizing losses. Further 
increase in Ug, will therefore be checked, but i,, will continue to 
increase, SO increasing pz; Vg; then begins to decrease, resulting 
in a more rapid increase in i,,, and the outcome of this cumulative 
process will be the initiation of a power arc. If, however, the 
deionizing losses exceed p,, after vz, =v, then v,, will rise 
further and L(di,/dt) will become negative. i, will decrease, 


resulting in more rapid increase in Ug, and the discharge will 


The l.v.-source — 
capacitor voltage, vj, was usually set within the critical range for | 


In Edels’s discussion of a 


cease without a power arc being initiated. Hence, in the © 


limiting condition in which arc initiation is just possible, 
(di,/dt) +0 immediately after the impulse; ie. the current 
reaches a quasi-steady condition until the discharge processes 
determine whether it will fall to zero (extinction) or increase to 
establish a power arc. More specifically, if the maximum value 
of Us, occurs at time t = ty,, then 


diss me 
dit min 


OR yy Yacabunnd ewe gate aly 


ALSTON: THE IMPULSE INITIATION OF ARC DISCHARGES 


and consequently, from Fig. 1, Upiyg = Vz. Now, ty is not 
much greater than f, and is therefore small compared with the 
#half-period of the I.v. source. Consequently, Um Up, and 
hence 

Ups net Gxt nste amr: 2 (2) 


Thus the critical value of vp is determined by the fact that 
it must circulate a sufficiently large current in the discharge at 
the end of the impulse, so that the maximum discharge voltage 
Vgrmq does not exceed a value approximately equal to vo. 

The above discussion may be modified by arc/glow transitions, 
as is shown in Section 4.1. : 


(4.1) Types of Discharge 


The results obtained when vp had a critical value were of three 
principal types, depending on the discharge characteristics in the 
immediate post-impulse period, (*, — f;). 


Type I. 


The discharge is an are during (tf, — f;) and the 2,,-curve is 
smooth, except that disturbances of very short duration occur 
after some flashovers [Fig. 3(a)]. The following factors give 
rise to the belief that the disturbances are caused by arc/glow 
transitions, followed almost immediately by glow/arc transitions: 


(a) The discharge currents were of the order associated with 
transitions (Section 4.2 and 5).4, 5,6 

(6) The disturbances did not occur if the discharge current was 
increased (by increasing v9). 

1 (c) Arc/glow transitions, followed after a finite time by glow/arc 
transitions, have been identified under experimental conditions 
which differed only slightly from those discussed here [see Type II 
below, and Fig. 3(5)]. 


Because of the short duration of the disturbances, their effect 
on eqns. (1) and (2) can be ignored. 
Type II. 


The discharge is an arc during most of (tf. — t,), but glows are 
maintained for times of the order of 10 microsec [Fig. 3(5)] after 
some flashovers. The l.v. source must therefore be capable of 
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Fig. 3.—Classification of types of discharge. 


Sudden changes in vg indicate transitions between arc and glow conditions. 
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forcing a glow/arc transition in order to establish a power arc, 
and Vp must exceed the maximum arc value of Ug1; it need not, 
however, equal the maximum glow value of Ug, because an 
appreciable fraction of the voltage required to maintain the 
short-duration glow can be supplied by the energy stored in L. 
Thus the critical v9 is less than v,,,4 in this case. 

di,/dt is negative during the glow periods and positive during 
the arc periods; on the whole, there is little variation in i, during 
the immediate post-impulse period. 


Type II, 


The discharge is a glow during most of (t, — t,) after almost 
every flashover. The glow may have been reached by a gradual 
increase in voltage [Fig. 3(c)], or by a sudden transition 
[Fig. 3(d)]. Eqns. (1) and (2) hold, 2,4, being a glow vol- 
tage. This leads to a criterion of arc initiation, as explained in 
Section 6. 

The oscillograms used for illustrating this classification, and 
also those analysed for the quantitative discussion of Section 4.2, 
were obtained when a power arc was actually initiated. Now, 
are initiation occurs only for a proportion of flashovers when 
Uo has a critical value, and in those cases in which arc initiation 
did not occur, the discharge current usually ceased within a time 
of the order of 100 microsec from the end of the impulse period. 


(4.2) Quantitative Analysis 


A detailed analysis was carried out of the data obtained in 
some of the experiments on brass spheres and conditioned 
platinum and tungsten rods. As a result of conditioning, the 
tungsten electrodes, but not the platinum electrodes, had their 
tips covered with oxide dust (see also Sections 5.1 and 5.6). 

Critical values of v,, and i,,; were recorded during the period 
(t, — t,) at two specified times, t, and t3;, which were selected 
so that fy, fell between them (i.e. tp < thy <t3). There was 
little change in current immediately after the impulse, and to a 
first approximation i,,7, ig,yg and iy; were equal; Ugir, Vgi3 OF 
both were nearly equal to U,,,,; and the power input, Dyin, 
which was just sufficient to maintain ionization, approximated to 
the mean of py,. and Pgi3. 

Recorded values of discharge current and voltage, and derived 
values of power input and discharge resistance, are given in 
Fig. 4, for an experiment in which the l.v. circuit and test-gap 
parameters were varied. The impulse parameters were those 
given in Section 2, and f, and f, were 200 and 300 microsec 
respectively, measured from the instant of flashover. 

Increasing the output impedance, Z, resulted in a lower rate of 
rise of i,: consequently, the critical value of v increased, as 
shown by Tests 1 and 2 of Fig. 4. v9 being larger, arc initiation 
could occur after a higher value of vz;,¢: that is why the critical 
values of i... and i,,3 were lower. At the lower current values, 
the maintenance of an arc became more difficult, so that results 
changed from type I in Test 1 to type Il in Test 2. Dotted lines 
have been used in Fig. 4 for Test 2 to indicate that data have 
been taken only from oscillograms for which the discharge had 
an arc characteristic at / and 3, although arc/glow transitions 
occurred between those times. 

Increasing f (Test 3) increased the rate of rise of i,: the critical 
values of v therefore decreased, with consequent increase in 
current values. The reverse happened in Tests 4 and 5, in which 
the rate of rise of current was decreased (with reference to 
Test 3) by increasing Z. The values of discharge voltage, 
power input and resistance recorded for Test 5 are large, because 
results were of type II and glow as well as arc values are given. 

Test 6 shows that all tabulated variables except the discharge 
resistance increased with the gap spacing. There were no 
appreciable changes due to replacing the tungsten rods by brass 
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Fig. 4.—Critical values of discharge voltage, current, power input 
and effective resistance. 


Values recorded at t2 are shown in every test at the left of values recorded at f3, 
and the values of vp are indicated by heavier lines (see Test 1). Vertical lines give the 
scatter and horizontal lines give the mean values of the recorded data. 


spheres (Test 7), but when platinum electrodes were used 
(Test 8) arc initiation became more difficult, as indicated by 
an increase in voltage and power values. When the gap spacing 
was increased from 0-5 to 1-5cm, the power input which was 
just sufficient to maintain ionization increased about four times 
for tungsten electrodes (Tests 1 and 6), but only about twice for 
platinum electrodes (Tests 8 and 9). Thus electrode effects are 
more important (in relation to effects associated with the gap 
spacing) in a platinum than in a tungsten gap. This is consistent 
with the fact that platinum has a higher work function than 
tungsten, and furthermore the tungsten electrodes were covered 
with oxide dust, which is known to facilitate arc initiation.” 8-9 !2 
Other electrode effects are discussed in Section 5. 

A similar analysis was carried out for 14 tests in which the 
impulse-generator wavefront and wavetail resistors were varied, 
either separately or simultaneously. Two principal points 
emerged. Firstly, the critical values of i,,. and i,,3 lay between 
0-1 and 0-7amp, as in Fig. 4. Secondly, as conditions became 
progressively less favourable for arc initiation, results changed 


from type I to type II and eventually to type III. This is dis- 
cussed in Section 6.1. 
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: 
(5) ELECTRODE EFFECTS 1 
The circuit used was either that described in Section 2 i 
(Z = 40 ohms) or one differing only in that Z = 126 ohms. - 
Data obtained with different electrode materials at a gap spacing — 
of 5mm are summarized in Tables 1 and 2. To obtain an | 
indication of the effect of surface condition from experiments on | 
spheres and rods, results obtained when the electrodes were 
conditioned are given separately from those taken at the 
beginning of experiments, when few flashovers had been applied 
and the electrodes were relatively clean. Where more detailed. 
information was required, disc electrodes were used and clean | 
surfaces were then available even after a large number of flash-_ j 
overs (see Section 3). 
Data were also obtained at other gap spacings in the range 


Table 1 
SUMMARY OF RESULTS OBTAINED WITH LARGE ELECTRODES, 
0-5cm APART 


For ease of comparison, results obtained with different values 
of Z are given in separate columns. 


ce A Ste ND nr alr ene et 


Minimum/maximum and mean 
critical values of vo (volts) 
Electrodes Electrode condition a ee 
Z = 40 ohms | Z = 126 ohms 
Beginning of experiment | 220/420, 337 
Type II — | 
ae et ee ee ee 1 
Tungsten After some 2500 condi- | 200/340, 258 i 
spheres tioning flashovers Type I — | 
After 400 more flash- | 180/320, 246 
overs Type I _ 
Beginning of experiment | 220/440, 316 | 
Copper Eth te pa: \ 
spheres | Conditioned 220/380, 286 | 420/600, 511} — 
Type II Type III ; 
——_<—— ; 
Clean 260/420, 345 | 460/560, 501 
Copper Type II Type III 
discs Conditioned 220/320, 260 | 400/560, 487 | — 
Type II Type III : 
eee 
Beginning of experiment | 180/340, 244 
(Results taken on two Type I = 
Aluminium sets of electrodes) 
spheres ———_—_———_ 
Conditioned 200/340, 265 | 300/500, 413 
Type I Type I 
Clean 200/300, 253 
Aluminium Dt te me 
discs Conditioned 200/340, 260 
Type I — 
Beginning of experiment | 180/380, 285 
(Results taken on two Type I — 
Steel sets of electrodes) 
spheres a 
Conditioned 200/300, 245 | 280/420, 350 
Type I Type I 
Beginning of experiment | 200/260, 230 
Brass Type I Sie 
spheres "| Conditioned 180/300, 243 | 320/440, 372 
Type I Type I 
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0-5-10mm, but they will be discussed only if they differ signifi- 
cantly from those taken at 5mm. The critical values of get, 
ig¢2 and ig,3 recorded in these experiments were within the current 
| range given in Section 4.2. 


(5.1) Tungsten Electrodes 


The tungsten electrodes consisted of rods 0:63 mm in diameter 
and 2 cm spheres. The spheres had, in fact, a tungsten cap 1 cm 
in diameter by 5mm deep, the remainder of the electrode being 
of brass. Flashover always occurred to the tungsten cap; there 
was no evidence of the arc roots ever touching the brass. From 
the point of view of the experiment, these electrodes were there- 
fore equivalent to 2cm tungsten spheres: they had the advantage 
of being easier to manufacture than if they had been made 
entirely in tungsten. 

For spherical electrodes, conditioning lowered the critical 
value of v9 and changed results from type II to type I, ice. it 
facilitated arc initiation. Steady critical values of vg were not 
obtained; Table 1 shows that, even after some 2500 flashovers 
had been applied, a small but definite reduction in Vo Was pro- 


duced by applying several hundred more flashovers. 


Table 2 


SUMMARY OF RESULTS OBTAINED WITH SMALL ELECTRODES 
(Rops), 0-5cm APART 


For ease of comparison, results obtained with different values 
of Z are given in separate columns 


Electrodes 


| Tungsten 


Electrode condition 


Conditioned 
(Results for Z = 40 
ohms taken from four 
tests) 


Beginning of experiment 


Conditioned 


Beginning of experiment 


(Results taken on three 
sets of electrodes) 


Conditioned 


Mimimum/maximum and mean 
critical values of v9 (volts) 
and type of discharge 


Z = 40 ohms 


180/260, 230 
Type I 


240/340, 270 


Type I 


220/280, 243 
Ty 


pe I 


220/300, 246 


Type I 


300/440, 360 


Type I 


Z = 126 ohms 


380/420, 410 
Type II 


260/520, 437 
Type I 


320/420, 360 
Type I 


400/540, 466 
Type I 


Platinum 


Conditioned 


Beginning of experiment 


200/260, 235 
Type I 


200/240, 227 


Type I 


320/440, 380 
Type I 


Conditioned 


220/270, 240 
Type I 


Beginning of experiment 


220/260, 240 
Type I 


360/440, 396 
Type I 


After three flashovers at 


vg = 600 volts 


250/300, 275 
Type I 


After several days’ in- 
terval 


260/320, 290 
Type I 


After several days’ in- 
terval, and 200 condi- 
tioning flashovers 


260/340, 300 
Type I 
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For rod electrodes, a steady critical value of Yo was obtained 
after relatively few flashovers, and the values recorded were 
reproduced without significant change in separate experiments. 
Results were not affected by cleaning the electrodes, provided a 
few conditioning flashovers were applied so that a stable surface 
condition was produced before repeating the test. Data 
obtained from several experiments on tungsten rods have been 
summarized in Table 2, and comparison with Table 1 shows 
that the mean value and the range of critical values of v9 were 
smaller than for tungsten spheres. 

The effect of conditioning on spherical electrodes was to 
produce multi-coloured concentric marks on the anode and less 
regular marks on the cathode. There was no apparent roughen- 
ing of the electrode surfaces and their markings could only be 
remoyed by scraping. In the case of rods, conditioning produced 
a whitish oxide dust at both electrodes, and this could be removed 
by wiping. This dust was not generated at spherical electrodes, 
probably owing to the fact that the arcing surfaces of these 
electrodes were large compared with the are roots (see Section 3) 
so that the temperatures to which they were raised were lower 
than for rod electrodes. 

Results from a further experiment on the same electrodes are 
displayed in Fig. 5. The lower limit of the critical range of v9 
was determined first, and then the voltage was raised and the 
upper limit was determined; the procedure was then repeated, 
and the results are displayed by the sawtooth lines on the 
diagram. The tests were carried out in the sequence shown, 
and the electrodes used and changes in conditions between tests 
are given under the test numbers. When a rod anode was used 
with a sphere cathode (Test 5), conditioning resulted in the 
spluttering of oxide dust from the anode to the cathode. 

Two main conclusions emerge from Fig. 5, and were con- 
firmed by a similar experiment: 


(a) The cathode is the dominant electrode for arc initiation. 
Thus, the performance of a sphere-anode/rod-cathode gap is similar 
to a rod/rod gap [compare Tests 3, after (4), and 1] and different 
from a sphere/sphere gap (compare Tests 3 and 2). This difference 
is associated with the cathode, since results obtained with a 
sphere/sphere gap did not change (see Tests 2 and 4). 

Again, the performance of a rod-anode/sphere-cathode gap is 
similar to that of a sphere/sphere gap for corresponding cathode 
surfaces [compare Tests 5, before (/), and 4, and Tests 5, after (i), 
and 6] and different from a rod/rod gap [compare Tests 5, after (2) 
and 1]. As before, this difference is associated with the cathode, 
since results obtained with a rod/rod gap could be repeated con- 
sistently, as has already been stated. 

(b) When oxide dust (which was produced only at rod electrodes) 
is present on the cathode, the critical value of vo is lowered, whatever 
the shape of the cathode [compare Tests 4 and 6, and also results 
obtained before and after (4) in Test 3]. This agrees with the data 
by Edels and others, 12; 13 but those authors deduced that roughening 
of the surface was more important than oxidation. It is therefore 
interesting to note that, in the present experiments, oxide dust 
facilitated arc initiation even in the case of the small rod electrodes. 


(5.2) Copper Electrodes 


Table 1 shows that conditioning reduced the critical value of 
Vp obtained with large copper electrodes at Z = 40 ohms. A 
consistent value for vy was reached after some 200 flashovers. 
Results were of type II for both surface conditions, but, in the 
absence of conditioning, sustained glow periods occurred after a 
larger number of flashovers and were maintained for longer times. 
Glow/arc transitions are therefore facilitated by conditioning. 

When Z was increased to 126 ohms, results changed to type II; 
i.e. a power arc could only be established after a glow had been 
maintained for a time of the order of 100microsec. The 
effect of conditioning on the range of critical values of Y9 was to 
decrease the minimum value only (see Table 1, copper discs), 
which shows that conditioning made arc initiation possible at 
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Fig. 5.—Effect of electrode shape and surface condition on the critical value of vo for tungsten electrodes spaced 0-5cm apart 
: (Z = 40 ohms). 


A Arc initiation occurred on each of five successive flashovers. 


V Arc initiation occurred on none of five successive flashovers. : 
The earthed electrode was the cathode in all tests. : 


lower values of . This confirms that glow/arc transitions occur 
more readily in the case of conditioned electrodes, and is sup- 
ported by the quantitative analysis of Table 3, which shows that 
the duration of glow periods is reduced by conditioning. 


Table 3 


EFFECT OF CONDITIONING ON FREQUENCY AND DURATION OF 
GLow DISCHARGES FOR CopPER Discs, AT Z = 126 OHMS: 
DATA FROM Two SUCCESSIVE TESTS 


Number 
and %) of : 
4 a nue bet Ae on Mean duration of glows 
Electrode ae. atti overs | which a power which preceded 
condition | ee ing in meiaS power arcs 
OC ECS preceded by a 
glow 
Conditioned | 78 65 (83%) | Less than 0-5 millisec 
| Clean 38) 32 (97°%%) | 2millisec 


Now, conditioning changed the colour of the arcing tips of the 
electrodes, but there was no apparent roughening of the surface. 
Hence its effect was due principally to oxidation, and this con- 
firms the results of Suits and Hocker,’ Cobine,? and Llewellyn 
Jones and de la Perelle.!! 

Variations in gap spacing did not affect the type of result 
obtained, except that the times for which a glow was maintained 


decreased as the spacing increased. When the large electrodes 
were replaced by 0:56mm rods, however, results changed to 
type I at both values of Z. 


: 


(5.3) Aluminium Electrodes 


When large aluminium electrodes were subjected to condition- | 
ing, their appearance changed rapidly with the application of the | 
first few flashovers. A stable surface condition was soon reached; 
the electrodes were then covered with a white oxide dust, and 
their surfaces were broken by arc roots to a depth of the order of : 
0-1mm. The effect of these numerous penetrations was to give 
the electrodes a porous appearance. 

Table 1 shows that the critical value of v) was increased - 
slightly by conditioning in the case of large electrodes. This 
effect was much more marked at gap spacings in excess of 8mm, 
when the impulse voltage was not much greater than the mini- 
mum required for flashover. The upper limit of the critical 
value of v9 was then raised very appreciably by conditioning, 
though there was little change in the lower limit. The mech- 
anism by which the range of vp» was increased could be deduced 
from oscillograms: these showed that, when conditioned elec- 
trodes were used, a relatively large current, ig, sometimes flowed 
in the Lv. source at flashover. Table 4 shows that ig reached 
values in excess of 0-8 amp for conditioned electrodes, but in 
the absence of conditioning it was too small to be recorded 
accurately, being less than 0-05 amp. 


Table 4 


=FFECT OF CONDITIONING ON THE VALUE OF ig FOR ALUMINIUM 


Disc ELECTRODES, AT Z = 40 onmMS. DATA FROM THREE 
SUCCESSIVE TESTS 


Number of flashovers on which the 


Total magnitude of jp lay in the range shown 


number 


| Electrode condition 

0-10- 

0-25 
amp 


0-25- 
0-80 
amp 


Over 
0-80 
amp 


of 
flashovers 


Conditioned. . 
Clean. . i 
_Conditioned.. 


ig has already been mentioned in Section 4, and is discussed 
'n detail elsewhere.'! Briefly it is circulated by the impulse in the 
'.V. circuit during the time to flashover of the test gap, and flows 
n the negative direction of i,: i.e. it opposes the growth of 
dower Current in the l.v. circuit, and thus tends to prevent arc 
itiation. Now, the impedance presented by the l.v. circuit to 
the impulse is determined principally by L, so that, to a first 
approximation, ig ~ f9%Go/L, where fp is the time to flashover 
of the test gap, and v¢p is the amplitude of the impulse voltage. 
‘9 is therefore approximately proportional to ip. Hence con- 
ditioning increases the time to flashover: an estimate based on 
-he 7p values given in Table 4 shows it to attain values in excess of 
3 microsec for conditioned electrodes, but to be less than 
3-2 microsec for clean electrodes. 

Results obtained using aluminium electrodes 0-5mm in 
diameter are summarized in Table 2, which shows that the 
ritical value of vp was increased by conditioning. A stable value 
of Yg was not attained under these conditions, although over 
1000 flashovers were applied to one set of electrodes. The 
electrodes became heavily oxidized and deformed under the 
application of flashovers; eventually they acquired a porous 
appearance, and spikes, up to 1 mm long, were jutting out from 
hem. 

(5.4) Steel Electrodes 


Spherical steel electrodes oxidized rapidly as flashovers were 
applied, and their arcing tips became rough and rusty. This 
educed the critical value of vg, as shown in Table 1. Even 
igher values would have been recorded before conditioning if 
every flashover had struck clean metal. 


Flashovers between rods 0:56mm in diameter resulted in. 


fincandescent metal being spluttered off when a power arc was 
established. At the end of the experiment the electrodes were 
rusty, and the arcing faces were black. The effect of flashovers 
was so great that results taken at the beginning of the experi- 
ment did not correspond to a relatively clean condition, and were 
therefore not entered in Table 2. 


(5.5) Brass Electrodes 


Conditioning had no significant effect on the critical value of 

% obtained with spherical brass electrodes. The electrode sur- 
ace became discoloured by the application of flashovers, but 
there was no apparent roughening. 

An experiment on rod electrodes showed that the critical value 
‘of vp was initially smaller than in the case of spheres, but increased 
to approximately the same value after some 1 200 conditioning 
‘flashovers. Very sharp edges had been left when these rods 
'were cut, and it is likely that the critical value of vp increased 
‘when these edges were burnt off. After conditioning, the tips 

lof the rod electrodes were covered with a black deposit: there 
was also a white deposit extending axially above the black 
‘deposit on the anode. 
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(5.6) Platinum Electrodes 


The purpose of these tests was to determine whether greater 
consistency could be achieved, i.e. whether the range of critical 
values of % could be reduced, by the use of platinum. It will 
be seen from Table 2 that the range of vp was of the same order 
as for other rod electrodes. 

The electrodes were cut from 0:47mm platinum wire, and the 
slight increase in critical value of v which occurred as the 
experiment proceeded was probably due to changes in electrode 
shape. At the end of the experiment the electrode tips were 
slightly enlarged, approximating to 0-63mm spheres. The tips 
were brighter than the rest of the electrodes, and there was a 
black deposit at the anode, extending axially about 3mm and 
situated about 1mm above the tip. The deposit could be 
removed by scraping. There was no deposit visible to the 
naked eye on the electrode tips themselves. Other results 
obtained with platinum rods have been discussed in Section 4.2. 


(6) THE CRITERION FOR ARC INITIATION 


It has been shown in Section 4 that arc initiation is possible 
in all cases if ¥g exceeds a value approximately equal to the maxi- 
mum discharge voltage, V.;,,, shortly after the end of the impuise. 
The discharge may be either arc or glow at the critical time, ty,; 
consequently, arc initiation will invariably occur if vp exceeds a 
glow voltage. The actual value of this glow voltage will depend 
on the following factors: 


(a) Electrode configuration and material. 

(b) The current igsaz, which flows through the discharge at the 
time that the discharge attains its maximum (glow) voltage. Now, 
it will be remembered, firstly, that igs = i; after t;, secondly that 
ty occurs shortly after t;, and thirdly that di,/dt > 0 shortly after 
t; if arc initiation is just possible. Hence, igsay X ign, i.e. the current 
flowing through the discharge at tyg can be taken as the current 
flowing through the discharge at the end of the impulse. This 
current can be predicted fairly accurately for a given test gap, impulse 
discharge, and l.v. source, provided vp does not exceed the maximum 
critical value (since the current from the I.v. source has little effect 
on the discharge voltage during f; in that case). 

(c) The past history of the discharge. Let Vc be the voltage 
required to maintain a glow discharge in the test gap at a con- 
stant current igsz. Ver Will, in general, differ from Vgc, because, 
in the case of the present experiments, the discharge current had a 
high (impulse) value before falling to a glow value. The high 
initial current could have one of two predominant residual effects 
at ta, namely: 

(i) Owing to the high initial ionization of the discharge, the 
ionization at fyg could be higher than that corresponding to Vgc} 
consequently vgtaz < Voc. 

(ii) It is conceivable that turbulence set up during the impulse 
may result in more rapid deionization at faz than would be the case 
had the discharge current been constant at the value i,;;7. Hence, 
Vgim may exceed Vgc. 


So far as the author is aware, there is no experimental evidence 
to indicate the magnitude of effect (ii), and it must therefore be 
neglected as a first approximation. Hence, v,,,y, will not be 
substantially greater than V,,, so that the value of vp required 
for arc initiation need not be substantially greater than V,,. 

It follows, therefore, that arc initiation will invariably occur if 
Vp exceeds a value approximately equal to that required to main- 
tain a glow in the test gap, at a current value i,,,, on steady 
state. This criterion wil! be known as the ‘glow criterion’. 


(6.1) Experimental Verification of the Glow Criterion 


The limiting conditions of the glow criterion were reached in 
two experiments. In the first, heavily oxidized tungsten rods, 
0:63mm in diameter, spaced 5mm apart, were used in eight 
tests in which the wavefront resistance of the impulse generator 
was varied (Section 4.2). As test conditions became progres- 
sively less favourable for arc initiation and the critical value of 
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Up increased, oscillograms changed from type I to type II and 
eventually to type III; ic. a glow was established and main- 
tained at the end of the impulse, and arc initiation could only 
occur after a glow/arc transition. In the test in which type-III 
results were obtained, the critical ranges of and i, were 
440-650 volts and 0:16-0:22 amp. 

Over this current range, Gambling and Edels> obtained values 
of V,, from 480 to 510 volts for a 5mm gap between tungsten 
electrodes 12mm in diameter. Direct comparison between these 
values of V,, and the values of vo just given is vitiated to some 
extent because of the difference in electrode diameters; neverthe- 
less, it will be noted that the mean values of the two ranges are 
within 10% of one another. A direct comparison is, however, 
possible in the case of large copper electrodes, which were 
identical with those used in Sutherland® and very similar to those 
used by Gambling and Edels.> It has been seen in Section 5.2 
that, when the output impedance, Z, was increased from 40 to 
126 ohms, thus rendering arc initiation more difficult, oscillo- 
grams changed from type II to type III; i.e. the limiting con- 
ditions of the glow criterion were reached at the higher value 
of Z. In the case of electrodes which had not been subjected to 
heavy arcing (clean copper discs, Table 1), the range of critical 
values of Vp was 460-560 volts, while the corresponding range of 
values of Vz, was 500-530 volts. The mean values of vp and V,, 
are within 3% of one another, and this confirms the validity of 
the glow criterion. 


(7) THE CRITERION FOR NON-INITIATION 


In many cases, arc initiation will occur at values of v9 well 
below those required by the glow criterion, but there is a limit 
below which arc initiation is not possible. This limit will be 
reached if the current from the l.v. source is decreasing before 
the end of the impulse; i.e. if di,/dt is negative, and hence, 
from Fig. 1, if v;<v,, It has been shown that v,, always 
increases after the end of the impulse so that v,, will continue 
to exceed v; after the end of the impulse if it exceeds it before 
that instant. Hence, i, will continue to decrease and arc initia- 
tion cannot occur. _ Now, v; is less than vp, so that the criterion 
for no initiation can be stated thus: arc initiation will not occur 
if Vp is less than the discharge voltage just before the end of the 
impulse. 

In the experiments covered by this work, arc/glow transitions 
never occurred before the end of the impulse. Hence, the 
criterion for no initiation is related to an arc condition. 


(8) CONCLUSIONS 


The mechanism of impulse initiation of arc discharges has been 
discussed, and two criteria have been derived in terms of dis- 
charge characteristics. For a given experimental condition, the 
critical voltage of the l.v. source, vp, usually has a value inter- 
mediate between those given by these criteria; only when con- 
ditions are most adverse for arc initiation will its value equal 
that required by the glow criterion. For a given gap, the glow 
criterion is defined in terms of the test-gap characteristics, and 
is independent of circuit parameters. This was confirmed in 
two experiments, on different gaps, in which the limiting con- 
ditions of the glow criterion were attained by varying the 
parameters of the l.v. source and impulse source respectively. 

Discharge characteristics have been analysed quantitatively for 
a wide range of experimental conditions, and considerable varia- 
tion was found in the critical values of voltage, current, power 
input and effective resistance. Nevertheless, the current values 
were limited to the range 0-1-0-7amp, at which transitions 
between glow and arc conditions usually occur in a steady 
state,*~° and such transitions were in fact recorded frequently. 


which was produced by conditioning, facilitated arc initiation 
and this confirms the results of other investigators.7-®-9 !!,12.13) 
An important exception was, however, observed for aluminium 
electrodes when the initial high-voltage pulse was just sufficient} 
for flashover: conditioning then increased the time to flashover 
of the gap, and this made arc initiation more difficult. 


results was not improved by the use of platinum. 
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is indebted for his interest and encouragement throughout, and| 
for his advice in the preparation of the paper. 
due to Mr. A. S. Husbands, and to former colleagues at the 
Royal College of Science and Technology, Glasgow, for many) 
helpful discussions, and to Mr. J. Brown and his staff who 
constructed the equipment. 


the Research Council of the Central Electricity Authority, to) 
whom acknowledgments are due for sponsoring the work and | 
consenting to the present publication. af) 


In general, oxidation and roughening of the electrode surface, || 


In the case of small-diameter electrodes, the consistency 
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Dr. C. E. R. Bruce: I have a special interest in this question, 
‘since I made the suggestion in 1941 that spark breakdown 
‘depends essentially on the onset of arc conditions in the leader 
strokes of the long-spark and lightning discharges. This is the 
aspect of these papers on which I should like to concentrate, 
for they may have a bearing on the problem of spark breakdown, 
which is one of the most important in the whole field of discharges 
n gases. However, first I should like to clear a minor personal 
(point which occurs at the start of Dr. Alston’s paper, for I do 
tnot like being misquoted, especially if the misquotation is 
practically verbatim. He says that I concluded that ‘these 
transitions’ (i.e. glow to arc) are independent of the cathode 
iconditions: but whereas he is talking about glow-to-arc transi- 
tions at the cathode, I was talking about glow-to-arc transitions 
of the column of the hydrogen discharge and showing that they 
ican occur independently of any change at the cathode. For 
lexample, the column can change from glow to arc while the 
cathode remains in the glow phase. 

It seems to me that the way in which this critical current of 
about 0-5-1 amp recurs in the authors’ investigations and in 
those of spark breakdown is more than coincidence. In the 
mid-1940’s I studied the critical current required to cause the 
leader stroke of a long spark or a lightning flash to become a 
self-propagating column of arc discharge, and always the answer 
seemed to be the same. Various experimenters had recorded the 
icurrent in the pre-breakdown bursts of corona. I think it was 
i Schneider who stationed one of his men, with an oscillograph, 
inside the h.v. electrode; he found corona currents up to about 
0-S5amp prior to breakdown. Saxe and Meek also found 
currents of the same value preceding breakdown. Conversely, 
Pother workers, such as Komelkov, have studied the current in 
the leader stroke, and the initial current was always near this 
‘critical value of 0-5 amp. 

It is therefore probably not surprising that the critical current 
required for the initiation of arc conditions in such a leader 
stroke is the same as that which the authors find is required to 
initiate arc follow currents in their investigations. The values 
‘given in Table 2 of Paper No. 2707 and in Fig. 4 of Paper No. 
2708 are very similar to those recorded in the papers to which I 
have referred. 

I should like to give another amusing example; a scientific 

joke, so to speak. One can use the Empire State Building in 
what might be called a theoretical experiment in the study of 
‘discharge from a point. This discharge has been examined in 
the laboratory from quite small needles, and the current has 
been found to be equal to cV(V — Vo). When we deal with the 
Empire State Building, Vo is negligible and the current is equal 
isimply to cV*. In the laboratory investigations on discharge 
ifrom a point the constant c was found by both Zeleny and 
) Warburg to be about 1-4 x 1071°. 
From the theory of the leader stroke and from McEachron’s 
‘records of the currents in flashes to the Empire State Building, 
tone could estimate the surprisingly low value of 50 volts/cm for 
ithe pre-discharge field. Multiplying this value by the height 
Igives 2 MV for the potential near the top of the Building. If the 
icritical current for the initiation of a leader stroke is 0-5-1 amp, 
‘then, from the formula J = cV*, we find for c the value 
1-2 x 10-13, which is in good agreement with the value obtained 
‘in the laboratory. I therefore suggest that the real criterion in 
this work is possibly the critical current, and the voltage con- 
iditions required to achieve this are subject. to variation in the 
ivarious experimental conditions. 

There is another general argument in support of this rather 
general suggestion, namely the frequency of the occasions on 
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which the critical conditions are those of a high-pressure glow 
discharge. It seems to me that, once the conditions of thermal 
equilibrium of the arc discharge are departed from, the degree 
of departure is not really important. 

Dr. H. Edels: In my arc-initiation paper in 1951,* I calculated 
the circuit constants required for initiation. I assumed that the 
test-gap voltage was entirely controlled by the impulse discharge, 
so that Kirchhoff’s junction law need not be applied. In 
practice, the gap conducts the power-current component, ip, and 
the spark impulse component, i,, simultaneously. However, 
when i, suddenly ceases the gap resistance, R,, cannot change 
instantaneously, so that the gap voltage, v,, falls. Since the 
power-source inductance, L, is large, di,/dt hardly changes; 
thus v,i, falls markedly, so that Rg, and hence v,, must rise. 
I suggest that v, tends to rise to a value consistent with the gap 
discharge at the current i,, and that, as a criterion, critical follow 
conditions will obtain when the power voltage is just sufficient 
to maintain i,. Analysis then shows that if we assume, despite 
the transient value of the discharge, a tendency to a discharge 
characteristic given by v, = € + P/i,, where ¢ and P are con- 
stants, then for positive polarity the critical voltage is given by 


ie. Vto Vto\?_,_ 4PL |42 
Ge sD 


where V is the original impulse voltage, t, the impulse duration 
and fg the time to flashover. This expression correctly predicts 
the types of result given by the authors. Thus, when fy = 0, 


Up(Uo = é) = PL/t, . . ° . . (B) 


Curve-fitting to Fig. 7 of Paper No. 2707 shows that vp > V, so 
that 
Vo = (PL{t,)!2 . : : ° . . (C) 


For a constant L, V « t; /?, which is the result given by Fig. 7. 
With constant t,, V 0 L'/? and this gives the 1cm curve of 
Fig. 5 when fitted at Z = 20 ohms. The criterion makes power 
follow independent of Ij;gq as found by the authors. Fig. 8 also 
follows from eqn. (C), since ¢; can be stated in terms of Rr. 
If V < % always, then vpiy = P, so that for each gap condition 
a constant critical power input should exist. 

Although the criterion appears to give reasonable predictions, 
substantiation can be obtained only when the discharge charac- 
teristic are known. In many ways this criterion and approach 
is an extension of the theory given in my paper of 1951. It is 
to be noted that the case of negative polarity is more difficult 
and will require a different approach, since the problem is closely 
similar to the case of switch restrike. The theory given here and, 
I believe, the authors’ work cannot be easily applied to power- 
system follow at extra high voltages, owing to the undoubted 
differences which are obtained with long-column discharges. 

Mr. E. T. Norris: From the engineering aspect, the authors 
have set out to try to find something about the probability of a 
50c/s power arc following a flashover on a transmission line. 
They have tried to do this without having either a 50c/s supply 
or a transmission line. I suppose that a completely synthetic 
circuit has some academic interest, but one wonders whether 
they need have deprived themselves of both these basic ingre- 
dients, since neither 50c/s power nor transmission lines are very 
hard to come by, except perhaps in a university. 

The probability of a power arc following a flashover causing, 
not only an interruption to the supply, but also a short-circuit 
on the transformers and circuit-breakers, depends on many 


* Epes, H.: ‘A Technique for Arc Initiation’, British Journal of Applied Physics, 
1951, 2, p. 171. b 
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characteristics, some of which the authors have attempted to 
reproduce. Broadly, the problem is this: if in a given transmis- 
sion line there are N flashovers in a year, what proportion of 
these (on a statistical basis) will result in power arcs? I have 
not found it easy to translate the authors’ results into this form. 
In any case, the answer is of limited use, since nobody knows the 
value of N. A flashover which does not develop into a power 
arc is unrecorded, and not even the transmission engineer knows 
how often it occurs. 

It may be that this explains the apparent disinterest in the 
problem in recent years. Many years ago two experimental 
studies were reported in America.* The first, using a 50c/s 
power supply and a 75kV transmission line, found a proportion 
of about one in four in their particular case, the probability 
being greatest when flashover occurred between 20° and 100° on 
the 50c/s wave. Is this within the authors’ range of values? 

If the line is carrying a load current at the time of flashover, 
this current will be instantly diverted into the flashover path, and 
the delaying effect of circuit inductance considered by the authors 
will disappear; the inductance will, in fact, operate in the reverse 
manner by tending to sustain an existing current. One would 
therefore expect that any load current would increase the 
probability of arc formation. As a further complication, if the 
line is unloaded and carrying only capacitive or magnetizing 
current, the maximum available diverting current will occur at 
the instant of zero voltage. Since current rather than voltage is 
effective in maintaining an arc, this may largely offset the impor- 
tance of the latter as an essential factor. 

Mr. J. S. T. Looms: Paper No. 2708 is of interest, among other 
reasons, because its subject bears on the design of switches for 
heavy-current generators, although I find some of the work 
indigestible—particularly such concentrations of experimental 
data as Fig. 4. 

The effect on the critical voltage produced by the presence 
of oxide dust on the cathode is interesting. Other phenomena 
are known to be affected similarly, e.g. time-lag characteristics 
and impulse ratios, and we have recently found in-our labora- 
tories that the direct corona current in a concentric system of 
electrodes is also much increased by a light dusting of oxide 
particles. In this connection it seems that the author’s use of 
the term ‘conditioned’ to describe electrodes which are heavily 
coated with detritus or grossly damaged is perhaps too broad. 

On Paper No. 2707 I should like to emphasize the point that 
the synthetic source, with large lumped parameters, does not 
simulate the conditions which prevail during flashover on a power 
line, at least so far as short times are concerned. For times 
corresponding to the length of the line which has flashed over, 
the source impedance is only a few hundred ohms and is resis- 
tive, so that the follow current, albeit only for microseconds, 
may be of the order of kiloamperes. 

The authors conclude that the establishment of a heavy follow 
current is substantially independent of the impulse, provided that 
the latter initiates an arc, from experiments with impulses up to 
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hundreds of amperes in peak amplitude. Impulse currents | 
following lightning strokes may well exceed this level by several 
orders of magnitude, in which case the impulse does not merely | 
hold the gap in a conducting state but also stores energy in it | 
thermally. It is known that a kiloampere discharge lasting only — 
for a microsecond can lower the electric strength of a gap for up 
to a millisecond; in these circumstances one wonders whether > 
for follow current there may be an energy criterion analogous 

to that for gas-mixture ignition, by which a discharge of given 

energy may always suffice to produce follow current in a given | 
gap and low-voltage circuit. 

A final small point on instrumentation is that the use of 
amplifiers, which are driven into saturation in the process, for 
measuring durations of impulses is attended by risks of inac- 
curacy unless the amplifiers are specially designed or are cali- 
brated. Perhaps the authors would confirm that they had these — 
risks in mind. | 

Mr. A. M. Cassie: In attempting to analyse the considerable | 
experimental data, the authors have relied on static concepts of 
discharge characteristics. It is unlikely that unambiguous and — 
unique criteria can be derived in this way, since the times con- 
cerned lie within the range of the time-constants for such dis- 
charges. Again, the interpretations they place on the role of 
the impulse would seem to belittle its importance. Admittedly 
its behaviour is dictated by shock-wave and transport phenomena ~ 
which are largely invariant, but these still ought to be taken into — 
account. 

The dynamic concepts for the type of analysis required can be | 
set down in simplified form, and their application to the results | 
quoted ought to provide a great deal of useful information on this} 
subject, which is still very much in its initial stage of development. | 

Dr. M. Ouyang: I agree with Mr. Norris that the synthetic — 
circuit is not very realistic, because in the transmission line the 
current is already established in the conductors. It is true that — 
in this respect the conventional circuit is no more realistic. | 
Nevertheless, since the authors credit the synthetic circuit as. 
being. adequate for investigating follow-current phenomena, one — 
might be excused for raising this point. 

The authors show that ‘the h.v. follow-current becomes 
established at power currents of the order of lamp’. Although 
this current is built up during the short period of less than one- 
sixteenth of a cycle, one cannot help wondering whether the - 
follow current can be established at a lower power current if 
the latter is readily available. The power current can be made 
available by closing the power circuit through a suitable impe- 
dance just prior to the triggering of the impulse circuit. By > 
appropriately synchronized trigatrons this impedance can be 
connected across the test gap, into which the power current is — 
diverted after its breakdown by impulse. Perhaps in this way 
may emerge a more fundamental criterion on the establishment 
of follow current—a criterion less dependent on the parameters 
of the power circuit. Do the authors consider that there is 
anything to be gained by this more complicated technique? 
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Mr. G. H. Hickling: The general conditions for power current 
to follow an impulse voltage breakdown is a subject having a 
wide range of practical applications, which has not hitherto been 
adequately investigated. The occurrence or non-occurrence of 
follow-through breakdown in air, which the authors have studied, 


* EATON, J. R., PICK, J. K., and DUNHAM, J. M.: ‘Experimental Studies of Arcing 
Faults in a 75kV System’, Transactions of the American I.E.E., 1931, 50, p. 1469. 

Brooks, A. S., SOUTHGATE, R. N., and WHITEHEAD, E. R.: ‘Impulse and Dynamic 
ee Studies of 26kV Wood-pole Transmission Constructions’, ibid., 1933, 52, 
p. 


has obvious and important consequences in terms of fault inci- 
dence on power lines, switchgear transformers, etc. In the trans- 
former field the question of follow-through breakdown in liquid 
dielectrics is also relevant, and has to some extent been studied 
in connection with the practice—now little used—of impulse- 
testing transformers with simultaneously applied a.c. excitation. 
Provoost has shown that in these circumstances the desired 
power follow in an inter-coil fault is encouraged if load current 
is flowing in the winding at the time. However, there is real 


) difficulty in causing impulse current to be maintained in such a 
} fault for the purpose of detecting its occurrence, and in this 
| Connection it is interesting to note that, if the curves in Fig. 9 of 
t Paper No. 2707 apply for breakdown in oil, copper as an electrode 
| material appears materially to reduce the likelihood of power 
) follow. 
| With reference to Section 5.1 of this paper, would the authors 
} explain more fully the nature of the arc-glow transitions during 
1 the period t;-t.? Is there normally a single transition in one 
| direction, or a period of instability during which intermittent 
}) arcing occurs? 
| A possibly related phenomenon may be mentioned here which 
» can be observed when flashing over horn gaps or the like on a 
‘50c/s testing transformer. Up to a certain input voltage such 
} arcing occurs with extinction and _ restriking every cycle (or 
| 3 cycle) and is very noisy. With increasing voltage applied to 
| the same gap, however, a sudden change occurs to a quiet con- 
j tinuous burning arc. Do the authors consider that the factors 
involved in this transition may be similar to those for 
4 impulse/power-current follow? 
| Mr. A. B. Wood (read by Mr. G. Lyon): To what extent can 
| the results in Paper No. 2707 be extrapolated to cover longer 
# gaps? I am thinking particularly of high-voltage transmission 
4} lines, where the impulse initiation is the lightning stroke and the 
possibility that this will be followed by a power arc is something 
about which little information is available. With certain 
assumptions it is possible to compute the conditions under 
which transmission-line insulation will flash over on the occur- 
i rence of a lightning strike, but a true assessment of the line 
§ performance can be obtained only if the number of these flash- 
{overs which are followed by power arcs can be approximated. 
The only data I know of are American and briefly state that, for 
({ conventional steel-tower lines less than about 100 miles long, 
{85% of all flashovers result in sustained power follow current, 
f and for lines over 200 miles long this figure falls to about 50%. 
! I have tried to correlate the phenomena with the impulse dura- 
} tion, the argument being that for impulse imitiation near the 
terminations of the line the reflection of the wave from the end 
will limit the effective impulse duration; according to Fig. 7, this 
} results in a high critical voltage, i.e. less likelihood of power 
i follow. Ona long line, i.e. at a distance from terminations, the 
§ applied impulse is over in about 200 microsec, so that reflections 
{ cannot affect the impulse duration. This reasoning appears to 
i contradict the American data, and I conclude that some other 
} more predominating factor is at work. I should like the authors’ 
* comments on this. 
| Mr. D. F. Amer: When flashover occurs in a high-voltage 
\ system it is a simple fact that an arc is established. It may be 
} due to lowering of the insulation level of the insulators by atmo- 
( spheric polution, or it may be due to transient over-voltages on 
the system. Whether the arc continues for sufficient time to 
enable normal protective devices to clear the fault, or whether 
| the arc itself is unstable, so that it can be self-extinguished in a 
i} fraction of a millisecond, appears to depend on many factors. 
|The authors have given us a greater understanding of these 
| factors. 
The authors indicate that if the discharge current exceeds 
/minimum value a stable arc will be established. Can they say 
|in what practical circumstances flashover of the system caused 
by transient over-voltages would not be followed by flow of 
power current? 
Concerning flashover brought about by pollution of insulators, 

I am interested, not only in preventing flashover, but also in 
preventing any flashover from developing into a 50 c/s power 
arc. In this connection it has become the practice in many 
parts of the world to spray outdoor insulators with silicone 
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grease. Can the authors say whether partial breakdowns seen 
on various parts of such insulators are arcs fed from capacitive 
or leakage charges over the insulator, or are they glow dis- 
charges? If they are arc discharges, would silicone grease assist 
their suppression ? 

The authors’ work is also of interest in a study of evolving 
faults. This type of fault can be caused when a circuit-breaker 
switches out an unloaded transformer and the consequent 
voltage is sufficient to cause flashover of the transformer bushing. 
In this case, however, the study is complicated by the fact that a 
power source is normally reconnected to the transformer by 
restriking of the circuit-breaker about 0:04 millisec after flash- 
over. It would be of interest to know the minimum current in 
the discharge which would permit power current to flow after 
restriking has occurred in the circuit-breaker. 

Mr. R. A. Hore: The authors’ statistical technique is crude 
and makes no use of intermediate data between two roughly 
determined limits. It seems a pity in investigating a probability 
phenomenon not to use the best tools available, namely the 
sigmoid-curve type of analysis which is common practice in 
surge-diverter and flameproof-equipment testing. 

Do the authors consider that arc phenomena with larger gaps 
(3-10 ft) would obtain with currents as low as 1 amp? 

One of the many uncertainties in predicting the lightning per- 
formance of transmission lines is the ratio between outages and 
flashovers, i.e. between flashovers which do and do not result in 
power follow-current. This ratio is believed to vary between 0:8 
and 0-5, with the lower ratio applicable to longer lines, wood-pole 
lines and higher-voltage lines. Fig. 5 of Paper No. 2708 appears 
to indicate the reason for the reduction of the outage/flashover 
ratio with increasing line length, if the critical voltage for large 
gaps increases with an increase of surge impedance. If this is the 
case, the critical voltage for a long line will generally be greater 
than that for a short line, since the effective surge impedance of a 
long line will be its true value (effective for a period greater than 
the duration of the impulse phenomena), whereas that for a short 
line will be the surge impedance of the terminations, and this 
will usually be lower than that of the line, since the terminations 
will usually comprise busbar systems with radiating transmission 
lines. How much does the minimum of the curve in Fig. 5 
move in the direction of increasing surge impedance with increase 
in gap length? 

The second possibility for an outage/flashover ratio of less 
than unity is the fact that impulse phenomena will frequently be 
shorter than the half-period of the power follow-current: and 
whilst it may not be legitimate to consider the power-frequency 
voltage as a direct voltage equal to its instantaneous value at the 
time of impulse, the point on the 50c/s wave at which the 
impulse occurs may have a significant effect upon the occurrence 
of follow current. The authors’ synthetic power source seems 
to suffer from the disadvantage that the problem can be investi- 
gated only for impulses occurring at the peak of the 50 c/s voltage 
wave, and their comments on those at other points of the wave 
would be welcomed. 

The authors mention the possible effects of turbulence in a 
gap following a heavy-current discharge, and I can confirm some 
experience of turbulence assisting deionization with large gaps; 
this experience occurred during investigations on the practicability 
of single-phase automatic reclosure of h.v. lines, and the results 
were quoted by Dr. J. R. Mortlock in the discussion on the 
paper by Messrs. Winfield, Wilcox and Lyon.* 

Mr. K. W. Huddart: In Paper No. 2707, Sections 7 and 7.3, air 
movement caused by the high impulse currents is considered to 
cause deionization of the test gap, while in Paper No. 2708, 


* WINFIELD, F. C., WiLcox, T., and Lyon, G.: ‘The Design of the 330kV Trans- 
mission System for Rhodesia’, Proceedings I.E.E., Paper No. 2583S, March, i958 


(105 A, p. 580). 
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Section 6 (ii), the absence of experimental evidence is cited to 
show that turbulence set up during the impulse has a negligibly 
small effect. Which of these interpretations is correct? Is any 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSIONS 


Dr. L. L. Alston and Professor F. M. Bruce (in reply): A 
number of speakers have raised queries on the equivalence of 
synthetic and conventional power sources, and the point on the 
wave at which the impulse is applied. The synthetic circuit was 
adopted as a matter of choice rather than necessity, in order to 
achieve the flexibility and control of variables which was essential 
for a first investigation. In reply to Mr. Norris, 50c/s power 
sources and transmission lines are not as readily available for 
prolonged investigations, nor are the variables controllable to 
the same extent, as reference to the papers he quoted will bear 
out. 

Having separated the principal parameters of the problem, the 
use of a conventional power source was a natural extension of 
the work reported here, and has been investigated in the College.* 
Gap lengths up to 15in have been studied and point-on-wave 
conditions determined, using synthetic and conventional power 
sources. This proved the equivalence of the power sources, and 
the application of the characteristics we have described to gaps 
up to 15in. Power-follow occurs for the lowest system voltage 
within the last 20° rise of voltage to the peak on either half-cycle, 
but the minima for the two half-cycles differ in magnitude in the 
order to be expected from our comments on like and opposite 
polarities. Some arcing tests have been carried out under con- 
trolled wind conditions, showing that an air velocity as low as 
5m.p.h. can have a significant effect on arc extinction. In view 
of this, statistics based on line performance under unknown 
conditions of wind can be of little significance. 

In reply to Mr. Amer, the criteria we presented here can be 
used to predict the occurrence of power-follow, provided that 
parameters such as system voltage and impedance, and impulse 
duration are known; power-follow will occur if the power current 
has reached about lamp at the end of the impulse. Such 
calculations can easily be made for point-on-wave variations 
(Mr. Hore) if the impulse duration is small compared with the 
50c/s loop; the power current, i,;, can then be calculated by 
assuming the power voltage to be constant during the impulse. 
Arc initiation would be facilitated if a current of the right 
polarity flowed in the power circuit before flashover, because 


* Bruce, F. M.: Chairman’s Address, Abstract No. 2323, Proceedings I.E.E., 1957, 
104 A, p. 26. 


DISCUSSION ON POWER FOLLOW-CURRENT PHENOMENA AND ON IMPULSE INITIATION OF ARCS 


further work being done to investigate this phenomenon by 
using controlled air movement or, for example, mounting the 
test electrodes horizontally instead of vertically ? ; 


that current would be available for the discharge; in this con- — 
nection, we refer Dr. Ouyang to the penultimate paragraph of | 
Paper No. 2707. A possible reason for the variation in power- — 
follow incidence mentioned by Mr. Wood is that the impedance © 
presented to the power current increases with the length of | 
the line. | 

Dr. Edels’s suggestion that critical follow conditions obtain — 
when the power voltage is just sufficient to maintain i, is, in 
fact, what we have said in the sentence which follows eqn. (2) in 
Paper No. 2708. He has shown that some results could be | 
derived from the formula of the steady-state arc, and Mr. Cassie 
has advocated the use of a dynamic concept. However, owing 
to the complexity of the problem—it resolves itself to two current 
pulses feeding an unstable discharge—no analysis could be © 
deemed valid unless verified by experiments. We therefore 
adopted the simplest analysis which yielded working criteria. 
The extension of these criteria to gaps longer than 15in (Dr. 
Edels, Mr. Hore and Mr. Wood) or to polluted insulation (Mr. — 
Amer) does require experimental confirmation, but the data | 
mentioned by Dr. Bruce indicate that the critical current for — 
arc initiation in longer gaps is also likely to be of the order of © 
lamp. It is known that such currents occur on polluted insula- — 
tion just before flashover. In reply to Dr. Bruce, no attempt | 
was made in the brief review of Section 1 to differentiate between | 
transitions in the column or at the cathode, although we appre- 
ciate that this differentiation is important for the theory of the © 
leader stroke. 

In reply to Mr. Hickling, no oscillations were detected when 
transitions occurred; this is shown by Fig. 3 of Paper No. 2708 
and Fig. 11(c) of Paper No. 2707. The statistical analysis 
suggested by Mr. Hore would have increased the labour without 
any obvious advantage. The effects of saturation, mentioned by © 
Mr. Looms, were not forgotten. Mr. Huddart’s remarks appear 
to be due to a misunderstanding, since the results to which he 
refers in Paper No. 2707 indicate, in fact, that air movement due 
to the impulse current has only a secondary effect on the power | 
voltage. In the absence of other evidence, this effect was 
ignored in the derivation of the glow criterion, and the validity 
of this criterion was proved by the experiments of Section 6.1 of 
Paper No. 2708. 
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SUMMARY 


; The main reasons for the adoption of automatic control techniques 
in power systems are given and the position on their application to the 
| British Grid system is stated. The behaviour of speed governors in a 
manually controlled system, leading to the development of the elec- 
trical governor, is discussed, and a Swedish governor of this type is 
described. The need for mixed power-frequency control and the 
|merits of frequency-bias tie-line control are discussed. A distinction 
} is drawn between automatic control which only trims manual load 
dispatching and fully automatic loading schemes. The necessary 
elements of an automatic control are next mentioned, and as examples 
of precision frequency meters, British and German developments are 
described. Alternative methods of achieving desired participation in 
regulation are mentioned, and particulars are given of a scheme 
§ developed in Britain, including details of the machine controllers and 
/system controller. Some test results are given. 

Finally the use of system simulators is mentioned and British and 
German simulators are described. 


(1) INTRODUCTION 


The purpose of the paper is to describe some aspects of the 
problem of frequency control in interconnected and isolated 
§ networks and to show the part played by electronic techniques 
in the improvement in control that has been achieved during the 
— past two or three decades. The treatment of the subject is 
intended for the non-specialist in the field of control engineering 
f and will be as descriptive and non-mathematical as possible. 
' From the point of view of the designer the field of automatic 
i system control requires a knowledge both of refined electronic 
and heavy electrical engineering practice, and thus forms a bridge 
& between these very different fields. Interest in automatic control 
* has been shown in America, Australia, Belgium, Canada, France, 
? Great Britain, Germany, Japan, Russia and Sweden, as well as 
f other countries. In many of these it is now an established and 
essential feature of system operation, and in others it is in an 
-advanced experimental stage. The methods adopted differ 
}according to the particular technical and operational problems 
i that have to be solved, and some examples will be discussed to 
illustrate this point. 

The position in this country is that an automatic frequency- 
& control scheme has reached an advanced stage of development 
and tests have been carried out using it on small isolated sections 
i of the system. However, there does not appear to be any urgent 
Jj operational or economic requirement at the moment that 
tdemands the adoption of automatic frequency control, and 
i therefore it has not progressed beyond the experimental stage. 
| There did appear to be such an operational requirement a few 
{ years ago when a cable connection with France using alternating 
i current was being considered, but with the decision to use a 
| direct-current cable this need has disappeared. 
| It must be made clear at the outset that the fundamental 
| justification for the wide adoption of automatic control is the 
} international interconnection of separate systems that it makes 
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possible, with the resulting improvement in overall efficiency and 
economy of operation.'»?»3 It is true that automatic control 
may bring simplifications in operating procedure and other 
purely technical benefits, but these in themselves are not usually 
enough to justify its adoption. However, automatic control 
does make possible the interconnection of large systems by tie- 
lines, themselves only capable of carrying a small fraction of the 
generation in the connected systems. It is in this interconnec- 
tion that substantial economies can be achieved, both as a 
reduction in total running spare plant required, and in the more 
economical use of generation. This results from the exchange 
between the systems of cheap power made possible by differences 
in their daily and annual load cycles. In systems with pre- 
dominantly hydro-electric generation, for example, it is some- 
times an advantage to export energy in times of spate and to 
import energy in times of water shortage. 


(2) MANUAL CONTROL OF A POWER SYSTEM 


Before proceeding to a discussion of the techniques used in 
automatic control, it may be helpful to consider the part played 
by the primary regulation, i.e. the mechanical governor gear, in 
a system which is under manual control. The first important 
fact is that the load is determined by the consumers and that 
this must be exactly balanced by the generation. Further, the 
total output of electrical energy from the generators must 
exactly balance the load, including system losses and station 
auxiliaries, in the steady state. From this it follows that any 
permanent change in load can only be met by a corresponding 
change in energy input to the turbines. A small increase of 
load, for example, first results in a fall of speed, as the change is 
initially met from the stored kinetic energy of the rotating 
machines. The speed change in turn causes an increase in 
energy input to the turbines, through the operation of the 
governor gear, to re-establish a balance between generation and 
load. When balance has been reached there will be a resultant 
change in speed proportional to the load change. The final step 
is a correction of energy input to the boilers, in the case of 
thermal plant, to balance the new requirements of the turbines. 
The thermal content of the boilers operates as a reserve of energy 
on which the turbines can draw until the new firing rate has been 
established. This latter process can be carried out either 
manually or automatically, and, if the latter, it can be incor- 
porated in any automatic control scheme planned for the system. 
However, reverting to the load change we were considering, we 
have seen that this causes a permanent change in the speed of the 
turbines and consequently in the frequency of the system. 
Random changes of load are continuously occurring which are 
reflected in continuous random changes in system frequency. 
The net effect of such load changes over a period of time may 
be predominantly of one sense (i.e. a net increase or decrease), 
and the resultant change in frequency may be sufficiently large 
to call for manual correction. In this event, one or more stations 
will be instructed to increase or decrease load according to the 
sense of the frequency error. Suppose, for example, an increase 
of generation is called for. As this adjustment is carried out the 
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frequency will rise, the rotational stored energy will increase, 
and as the frequency rises the remaining generators will shed load 
by governor action, resulting, at the end of the adjustment, in 
the same dispatched load as before but at a higher frequency. 
This is the second important point and it is fundamental to all 
control, manual or automatic. Strictly, the argument is true 
only if the load is wholly resistive, for the component of the 
load consisting of rotating machinery will be somewhat frequency 
sensitive, but the effect can be neglected at this stage as the rate 
of change of load with frequency is always very small compared 
with the 1ate of change of generation due to governor action. 
The rate of change of generation with respect to frequency of 
a large system carrying a reasonable proportion of spare plant 
is, of course, a measure:of the system’s ability to withstand 
sudden load changes, i.e. it is a measure of its ‘stiffness’, or 
power/frequency characteristic. For the British system during 
the day, the present value is probably of the order of 5000 MW 
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(3) THE ELECTRICAL GOVERNOR IN USE IN SWEDEN 
The electrical governor is so called because the sensitive device 
which determines the control action is purely electrical, although’ 
the control action is still brought about by the same conventional 
type of hydraulic servo. The governor has been adequately 
explained elsewhere, but a brief description will be given as it 
has features other than just an increased power/frequency charac- 


| 


teristic. Firstly, this can be varied at will up to infinity, and 


secondly, the response time can also be varied. These features 
have made possible a new method of regulation based on a 
master station, supporting stations and local stations. 


The Swedish system is largely hydro-electric and all regulation 


is done on hydro-sets. The response time of hydro-sets is slow 
compared with thermal plant, but on the other hand they can 
usually accommodate large load changes more readily than steam 
sets. 


The electrical governor is shown in Fig. 1. It will be seen 
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Fig. 1.—Swedish electro-hydraulic governor. 


per c/s, and the significance of this can be appreciated in view 
of the fact that the sudden loss of 100 MW of generation (due, 
say, to the tripping out of a large unit) will result in a frequency 
change of only about 0:02c/s. The bigger the system the greater 
will be the power/frequency characteristic, and consequently the 
smaller will be the change in frequency caused by a given change 
in load. Further, as the average size of the individual con- 
sumers’ loads is independent of the size of the system, the 
changes in frequency which can be caused by any one of them 
become smaller as the size of the system increases. The final 
effect is that the random frequency variations apparent in any 
system become smaller as the system size increases, and in a 
system as large as the British the random fluctuations are of the 
order of 0-01 c/s and are insignificant from most practical points 
of view. 

However, in a smaller system the bigger random variations may 
be by no means negligible, and reference will now be made to 
automatic control on the Swedish system, which is perhaps the 
first logical, if not historical, development in automatic system 
control.4 In Sweden the mechanical governors have been 
largely replaced by electrical ones, with a great improvement in 
the power/frequency characteristic of the system resulting in 
much better frequency control. Much has been achieved in this 
respect in conventional mechanical governor design, but there 
are limits in the improvements that can be made in a purely 
mechanical governor. 


that the sensing circuits control the turbine output through © 


thermionic valves V, and V>, which control the auxiliary servo 


AS through the electromagnetic valve S. The auxiliary servo in — 


turn controls the main servo HS and hence the water flow. 

The auxiliary and main servos are operated as a result of an 
out-of-balance of the electrical signals applied to the control 
grids of V,; and V,. As these signals are compounded from the 
frequency deviation, regulation (difference between set output 
and base load) and speed at which regulation is carried out, any 
desired response can be achieved by appropriately setting the 
voltage dividers VR;—VRg. 

The operating technique on the Swedish system is to allocate 
one station fitted with electric control to the role of master 
station; several others similarly fitted are supporting stations, 
and the remainder are local stations. The controller at the 


master station is adjusted to give a very high (almost infinite) 


power/frequency characteristic but a very slow response. Con- 
sequently it follows and takes up the slow variations in load. 
The controllers of the supporting stations, on the other hand, are 
adjusted to have rapid response but much lower power/frequency 
characteristics. They therefore absorb the smaller and more 
rapid variations without these affecting the master station. 
Finally the local stations absorb their local load variations by 
regulating the power flow on the tie-lines between themselves 
and the main system, and therefore ensure that the main genera- 
tion pattern conforms as far as possible to that desired. 
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(4) CONTROL OF POWER AND FREQUENCY 


(4.1) Tie-Line Control 


The term ‘tie-line control’ introduces the next logical concep- 
tion in the application of automatic control to power system 
operation. Consider first a single station, or small group of 
stations, meeting a local load and connected to a large system 
by one or more tie-lines. If a change occurs in the local load 


j and no regulation occurs in the local stations, the load change 


will appear as a corresponding change in the net transfer on the 
tie-lines. However, if the local stations regulate in such a way 


f that the net transfer remains constant, the load change will be 


completely met by the local stations. By using this technique 


the frequency of the small group will be determined by that of 
the large system, and the small group will give no assistance in 


regulating frequency in the large system. However, if there is 
a limitation in the available tie-line capacity, this type of control 
will ensure that no overloading of the tie-line occurs, and under 
these circumstances it can be usefully employed. 


(4.2) Power-Frequency Control 


Where systems or areas of comparable size are to be inter- 
connected, tie-line control as has just been described is no longer 
satisfactory. The requirements that have been established in 
operation of this kind are as follows: 


(a) Each system or area shall correct its generation to meet all 
local changes that occur within its boundaries. 

(6) Each system which is temporarily out of balance as between 
its load and generation shall be assisted by the remainder of the 
interconnection until it has restored its balance. 


The shortcomings of tie-line control can easily be seen from 
the following example. Consider three areas A, B and C, each 
linked on their boundaries by tie-lines AB, BC and CA. Suppose 
that initially A and B are each exporting to C their agreed 
transfers and that the frequency is correct. If now C suffers 
an increase in load the frequency will drop, and the increase in 
load will be met by increased generation following governor 
action in A, B and C. 

The increases in A and B will appear as increases in their 
transfers to C, and if all the areas are regulating on flat tie-line 
control, A and B will immediately begin to reduce their genera- 


tion to restore the transfers, and C will correspondingly increase 


generation. However, the important point is that, at the very 
time when the interconnection as a whole is short of generation, 
the control action in two of the areas is such as to reduce genera- 
tion. The situation could obviously be handled much more 
successfully if each area controlled both on transfer and fre- 


/quency. Suppose instead that each area controlled so as to 


maintain the quantity LAP + oAf equal to zero, where Af is 
the frequency error (positive for frequency high), ZAP the net 
transfer error (positive for increase in export), and o a constant 
(dependent on the size of the area and its mean governor charac- 
teristic). For areas A and B, Afand ZAP would be opposite in 
sign and the sum NAP + oAf would be zero if the multiplier o 
had been correctly chosen. They would therefore take no action. 
Area C, on the other hand, would see both Af and ZAP as 
negative quantities and their sum as negative, indicating a need 
to increase generation. The net result would be that A and B 
would assist C during its deficiency, that control would take 
place only in C where it was required, and following this action 


the situation would be restored to correct frequency and transfers. 


This type of control has been used for many years in the opera- 
tion of the interconnected Grid control areas into which the 


British system is divided, and has long been known as ‘fre- 


quency-bias tie-line control’. It has also been used in the same 


way in the internal interconnections of other countries, notably 
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the United States and Canada, and now forms the basis of all 
international interconnections between systems of comparable 
magnitudes. 

It should be understood that frequency-bias tie-line control 
only determines the action that is required and is not concerned 
with how this action is effected. It is thus a principle applicable 
equally to systems depending entirely on manual control as to 
those using fully automatic techniques. It should also be borne 
in mind that the tie-lines must be.so loaded as to be capable 
of carrying the additional loads required to assist an area until 
the action in that area has become effective. Automatic control 
systems merely reduce the effort that would otherwise be needed 
for constant manual adjustment, and are capable of carrying out 
the control action with greater precision than could otherwise be 
obtained. The term ‘power-frequency control’ is now commonly 
used in place of ‘frequency-bias tie-line control’, particularly 
where automatic control is used, and will be adopted in the 
remainder of the paper. 


(S) THE SCOPE OF AN AUTOMATIC CONTROL SYSTEM 


A distinction must now be drawn between those automatic 
control schemes which are used in association with manual 
dispatching and those which carry out fully the dispatching of 
load. In the first case the load is dispatched manually with due 
regard to generation costs, and the automatic control is required 
only to trim the generation to compensate for any errors between 
system demand and the generation manually dispatched. Only 
a small percentage of the total generation need be under auto- 
matic control, and that which is can be selected with due regard 
to economic operation, in general being carried out by the sets 
with the highest generation costs. As the total generation varies 
to follow the daily load pattern, so the duties of automatic control 
will be carried out by a group of sets which moves through the 
cost range and is always selected from the most expensive sets. 
The base-load settings of the sets on automatic control can also 
be under manual control, the range under automatic control of 
an individual set being, say, 10-20% of its rating. Under this 
arrangement the whole responsibility for the most economic 
generation pattern rests on the load dispatchers, and the success 
with which they are meeting the load at target frequency will be 
reflected by the amount of regulation that the automatic control 
is called upon to do, and this information can be displayed to 
them. 

On the other hand, if the automatic control is required to 
meet major load changes or to follow the whole of the load 
changes, it must at some stage take account of the incremental 
costs of the sets under its control. This can be done by including 
in the control an incremental loader which receives instructions 
as to the generation corrections required and aportions regulation 
between the sets in accordance with their incremental costs over 
their generation range. Whilst this can be done for a small 
system, the complexity required makes it unattractive at present 
for use in large systems such as that in this country, although no 
doubt this will change in the future as the art of system control 
develops. 


(6) REQUIREMENTS OF AN AUTOMATIC CONTROL 
SYSTEM 

We will now consider the requirements, in terms of special 
equipment, that arise in applying automatic control to a power 
system, and it will be assumed that power-frequency control is 
to be adopted. 

The first requirements are therefore devices for measuring fre- 
quency and transfer errors; secondly, a communication system 
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which enables these errors to be observed at a control centre 
where the system error LAP + cAf (the sum ZAP indicating 
the net transfer error) can be formed; and finally means whereby 
a generation correction equal to this quantity can be brought 
about. This in turn involves a communication requirement 
between the control centre and the regulating stations, and 
facilities on the regulating turbines for translating the telemetered 
correction into a corresponding change in generation. Several 
variations on this general pattern can be devised to meet par- 
ticular geographical or technical circumstances. For example, 
it may be convenient to use two or more control centres, each 
associated with a group of regulating stations, to each of which 
is telemetered the loading on certain tie-lines. Provided that all 
the tie-lines are included, and that the control centres use a 
common standard of reference from which frequency errors are 
measured, this will provide effectively the same control as a 
single centre. 

However, if separate frequency standards are used at several 
control centres, any differences between them will lead, with 
integral control, to load shifting between the separate control 
areas. This aspect is considered in a later Section. 

The transfers can be measured and the information tele- 
metered by conventional methods, for example by rotating watt- 
meters or by thermal convertors, associated with pulse-rate 
telemeters. The measurement of the frequency error will require 
special equipment, as the maximum deviations to be measured 
will depend on the size of the interconnection but will probably 
be of the order of +0-01 to +0-:O5c/s. There are several 
approaches to this problem, but most methods ultimately depend 
on the comparison between a sub-multiple of a frequency stan- 
dard generated by a crystal oscillator and the frequency to be 
measured. The comparison can be made either electro-mech- 
anically or purely electronically. As an example of the former 
method a system designed by the writer for use in a projected 
automatic-control scheme for this country will be described, and 
an instrument developed in Germany will be referred to as an 
example of the second approach. 


(6.1) Measurement of Frequency Error 


The British precision frequency meter operates as follows. 

Referring to Fig. 2, the standard frequency is generated by the 
crystal oscillator (1), which is divided down in (2) by a factor of 
2!! to provide a standard 50c/s datum. The system frequency 
is applied as a 3-phase supply to the stator of a magslip (3) to 
produce in this a field with a space rotation at system frequency. 
The rotor of the magslip is driven by the servo-motor (4) through 
a 300 : 1 reduction gear-box (5). The rotor output will have a 
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Fig. 2.—Precision frequency meter—British development. 
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frequency of f + n/300 cycles per second according to the sense | 
of rotation, where f is the system frequency and 7 is the motor 
speed in revolutions per second. The servo-motor is controlled ° | 
by a phase-sensitive amplifier (6) in such a way that the 
phase difference between the 50 c/s reference and the rotor 
output is constant. This implies that f + n/300 = 50, whence | 
n = + 300(f— 50), ie. the motor speed is a measure of the 
frequency error and the direction of rotation indicates the sense 
of the error. A tachometer-generator (7) coupled to the motor 
shaft will therefore produce a direct voltage of sign and value 
corresponding to the error. This arrangement is extremely 
sensitive and is completely stable in its calibration, as this 
ultimately depends only on the stability of the crystal frequency | 
and the stability of the output/speed characteristic of the tacho- 
meter-generator, and the arrangement is completely free from 
null errors. The output of such a meter with a tachometer- 
generator providing about 25 volts per 1000r.p.m. is 400 volts 
per cycle per second error; i.e. an output of 1 volt corresponds 
to an error of 0-0025c/s. Allowing for non-linearity in the 
generator and using a first-grade indicating instrument, an 
indicated accuracy within +0-001c/s can be achieved by this 
method, and, what is more important, no errors will accumulate Ht 
if the rotation of the magslip rotor is used as a measure of the 4 | 
integral-of-frequency error. The use of this integral in control — 
systems will be discussed later. 

As an indication of an alternative approach to frequency-error 
measurement, mention will now be made of an instrument 
developed in Western Germany.> The system frequency is 
multiplied in two tuned stages, (1) and (2) in Fig. 3, by a factor — 
of 98, giving a mid-band frequency for an input of 50c/s of | 
4900c/s. This frequency is then mixed with a reference fre- 
quency of 5025c/s, derived from a crystal oscillator, and the 
difference frequency is extracted in a tuned amplifier (5) with a 
pass band of 27-272c/s. The mid-band difference frequency is 
125c/s. The difference frequency is then converted to a square 
wave of fixed amplitude in the squarer and limiter (6). In the 
integrator (7) a capacitor is charged, once per half-cycle of the 
square-wave, to the square-wave voltage, and discharged during 
alternate half-cycles through a resistive load. Suitably arranged — 
rectifiers ensure that the discharge current through the resistor — 
is of the same sense for the rising and falling edges of the square 
wave. It can then be shown that the mean d.c. component — 
flowing in the resistor is a linear measure of the frequency of the 
square wave, i.e. it is a measure of the input frequency to the — 
instrument. Finally a meter or recorder in series with the — 
resistor will indicate the frequency error. The full-scale range © 
of the instrument is 49-25-50-75c/s and it has an accuracy — 
within +0-005c/s. The stability depends 
primarily on the stability of the capacitor used 
in the square-wave/d.c. convertor, and facilities — 
have to be provided for checking the instru-— 
ment from time to time. The check facilities — 
consist of a second crystal oscillator giving an 
output to the difference circuit at 4900 c/s which — 
serves to check the 50c/s point. 
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(6.2) System Error and Integral Control 


The frequency and transfer errors having 
been measured, the system error can easily be 
compounded from these data by multiplying 
the frequency error by the frequency-bias con- 

stant and adding this to the transfer error. 
ecoeeen This process can, for example, be conveniently 
carried out on a direct-voltage basis by the 
resistive network shown in Fig. 4(a) or by the 
use of a feedback amplifier as in Fig. 4(6). The 
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Fig. 3.—Precision frequency meter—German development. 
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Fig. 4.—Formation of system error. 


(a) By a resistive network. 
(6) By a feedback amplifier. 


voltage so obtained can then be telemetered direct to the regulat- 
ing turbines to give a simple proportional control, or it can 
first be integrated with respect to time and the integral trans- 
mitted as the regulating instruction. This will give overall 
‘integral control. Again mixed proportional-plus-integral con- 
trol can be achieved by adding suitable proportions of the 
proportional and integral voltages. In some cases a rate-of- 


proportional signal to improve the quality of control. 

_ The control schemes used in various countries differ in the 
combinations of proportional, derivative and integral action used 
and in the means employed to implement the control instruc- 
tions. For example, in France pure integral control is used and 
is known as load-phase regulation, load-phase-energy regulation 
or load-energy regulation, according to whether the integrated 
| quantity is frequency error, frequency error plus transfer error 
or simply transfer error. The terms load-phase-energy, etc., can 
be misleading, as the ‘load’ is the output from the regulating 


change-of-system-error voltage is derived and added to the . 
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sets. Again, in the United States some systems employ propor- 
tional-plus-derivative control,° based on frequency error and 
transfer error, whilst others use pure integral, integral-plus- 
proportional or fringe control.? However, the merits of using 
an integral action are well appreciated and its incorporation in 
control schemes is now becoming almost universal. An interest- 
ing feature of some American systems is that the automatic 
control is used, not only to trim small fluctuations of load, but 
also to control main changes of generation required to meet the 
daily load cycle.® 


(6.3) Turbine Regulators 


However, no matter to what process the system error signal is 
subjected before onward transmission to the stations, the final 
link in the chain of events is the conversion of this signal into 
adjustments of the steam input to the regulating sets. In order 
to avoid expensive modification to the turbine control equipment, 
the control signals usually operate through the medium of the 
existing governor gear by feeding controlling pulses into the 
speeder motors. 

The design of the turbine regulators is largely determined by 
the overall control scheme. One of the most important require- 
ments is to achieve control over the participation of the individual 
regulating sets in the overall regulation. This means that at 
any time each regulating set will be subscribing a specified 
percentage of the overall regulation required. The control of 
participation can be accomplished by very simple turbine regu- 
lators associated with fairly complex telemetering, or alternatively 
rather more complex regulators and correspondingly simplified 
telemetering. 

The choice is clearly dependent on economic and technical 
considerations, but generally the first choice can only be applied 
to small systems. The method usually adopted consists in 
sending pulses to the regulating sets when a change of regulation 
is required and interrupting the pulses to each set as soon as it 
subscribes its allotted regulation. In one such scheme, control 
pulses are generated, their length being proportional to the 
system error, and are fed into the speeder motors of the regu- 
lating sets. As each set completes its quota of regulation the 
pulses to it are interrupted. This is achieved by summating the 
outputs of the regulating stations at the control centre and 
producing a signal equal to the difference between the desired 
regulation (based on the system error) and the actual regulation 
achieved. This signal is telemetered to all the regulating stations, 
and at each a given fraction of it is compared with the actual 
regulation the station is contributing. The control pulses are 
allowed to pass to the regulating sets until the difference is zero, 
when the pulses are interrupted. 

Each station thus contributes a given fraction of the regulation 
required, and once it has done so it takes no further action 
although other stations slower to respond will still be regulating. 
For correct regulation the sum of the fractional settings for all 
the regulating stations must, of course, be unity. 

The control arrangement just described requires two tele- 
metering channels from the control centre to each station and 
one channel in the reverse direction. These facilities can easily 
be provided for a small system where probably only half a dozen 
stations are involved, but for large systems the complexity 
becomes embarrassing and it is most desirable to design the 
control scheme so that it requires only one telemetering channel 
for each station. Ina large system it is also undesirable to have 
to depend on the telemetered value of summated generation 
from the regulating stations, as a telemetering fault will affect the 
control to all stations and not merely the station concerned. 

A much simpler arrangement results if a control signal pro- 
portional to the total regulation required, or ‘level’, is transmitted 
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to all the regulating sets, each of which is fitted with a turbine 
regulator. The turbine regulator maintains the regulation con- 
tribution of the set in continuous balance with its desired par- 
ticipation, scaled from the control signal. A change in the level 
thus causes the outputs of all the regulating sets to rise or fall 
together. The telemetering is now much more flexible and the 
loss of one telemeter will affect only the station concerned. A 
routing from a central control centre through local control centres 
to stations and finally to the regulating sets then takes the form 
of a simple tree. A control scheme embodying this degree of - 
simplicity was designed some years ago for application to the 
British interconnection, and a rather similar arrangement is in 
use in France? and Belgium.!! 


(7) THE BRITISH CONTROL SCHEME 


In the British development a central system controller calcu- 
lates the {desired generation correction continuously and 
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Fig. 5.—Turbine regulator—British development. 


transmits to all stations a pulse rate which is a measure of this. 
To accommodate the sense of correction required, a pulse 
rate of, say, 124 pulses/sec corresponds to 
zero correction required; 224 pulses/sec, to 
full generation increase, or ‘boost’; and 24 
pulses/sec, to full generation decrease, or 
‘buck’. This signal is suitable for transmission 
over telephone lines to all stations fitted with 
regulators. The system controller is given as 
input information the total regulating capacity of 
the regulating plant, and the pulse rate is a 
measure of the percentage regulation required 
based on the total regulation known to be avail- 
able. If then each set contributes the same per- 
centage of its individual regulating range, the total 
contribution from all the sets will be equal to the 
correction called for by the system controller. 
Each of the regulating sets is fitted with a turbine 
regulator which compares its percentage regula- 
tion with that of the system called for, and 
adjusts the output of the set until these two 
quantities are in balance. The balance is effected 
by a control element, (1) in Fig. 5, comprising 
two rotating induction wattmeters on a com- 
mon spindle. The incoming pulse rate is con- 
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verted in (2) to a d.c. signal and multiplied by the regulating | 


range of the machine. The output from (2) is therefore a 
measure of the correction required, in megawatts. This is 
added to the base load of the machine in a transductor (3). 
The a.c. output from the transductor is then a measure of the 
megawatt output required from the machine. This is applied to | 
one wattmeter element and the actual machine output is applied — 
to the other in an opposing sense. The common wattmeter — 
spindle will then rotate at a speed proportional to the generation © 
error of the machine and the direction will indicate the sense of 
the error. The cam (4) makes equally spaced contacts A, B and 
C in turn as the spindle rotates. Each such operation of a 
contact causes a pulse of fixed duration to be fed from the pulse — 
generator to the governor speeder-motor (6). The pulse is fed 
to the ‘raise’ or ‘lower’ windings as required, according to the 
sequence in which contacts A, B, and C are being made. 

It was envisaged that, for a system of some 15000MW, a 
total range of regulation of the order of +300 MW would be 


_ required, and that this could be provided by 
SPEEDER | 
MOTOR 


2 


about 50 machines of 30-60 MW capacity. 
Each machine would then be required to regu- 


capacity. 


measured in the precision frequency meter 
(1), which has already been described, and is 
multiplied by the frequency bias constant in — 
(2) before being added to the transfer error — 
from (3). This was originally envisaged as 


with the French system, but the decision to use — 
a d.c. cable makes this no longer necessary. 
The system error is integrated in (4) and again 
in (5), and suitable proportions of the error 
and its first and second integrals are added 
in (6) to provide the final output signal for 
transmission to the regulating stations. 

An alternative arrangement is for the con- 
troller to store the error signals and associated 
integrations and to change the regulation level 
by discrete steps at definite intervals of, say, 1min. This may 
be described as discontinuous, or step-by-step, control to 
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Fig. 6.—System controller—British development. 


{ 
4 


late over a range of +10% or +20% of its © 


The system controller is shown in schematic | 
form in Fig. 6. The frequency error is — 


the transfer error on an a.c. cable connection | 
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distinguish it from the continuous type of control previously 
discussed. Discontinuous control was thought to have advan- 
tages in reducing control action by the regulating sets to a 
minimum, but the relative merits of the two modes when applied 


© 


LOAD DELAY 
CHANGES NETWORK 


CORRECTION CALLED FOR 


DELAY 
NETWORK 
r--- 
| 
SYSTEM CONTROLLER 
| 
He 


— ee ae ee 


151 


(9) SYSTEM SIMULATORS 
The simulator used in the British development is shown in 
schematic form in Fig. 7. It consists essentially of a very-high- 
gain d.c. amplifier (1), the output of which depends on the 
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Fig. 7.—System simulator—British development. 


to a large system have not yet been fully established. Some com- 
parison for small-scale tests is mentioned in Section 10. 

The choice of the correct proportions of error signal and 
subsequent integrations depends on the speed of response of 
the regulating stations, on the regulating characteristic of the 
'system and on the operating point on this characteristic. 
The last quantity can be calculated with sufficient accuracy 
from a knowledge of the total and spare plant running, and 
the other quantities can be measured. The optimum adjust- 
ment of the controller for all system conditions expected was 
investigated on a simulator which was constructed for the 
purpose. The simulator was also useful for investigating the 
quality of regulation with known patterns of load change. 

In common with most system controllers the circuit design 
followed well-known analogue-computer practice, each of the 
variable quantities being represented as a direct voltage and 
integration being carried out in velodyne integrators.!2_ Another 
approach has been described by de Quervain and Frey in 
which digital-computer techniques are used ‘throughout the 
controller.!+-!4 


(8) THE USE OF DIGITAL TECHNIQUES IN SYSTEM 
CONTROLLERS 
In the development due to de Quervain!?»'4 the complete 
calculation of the desired regulation is carried out nine times 
per second, and the digital output is converted to analogue form 


for transmission to the regulating machines. 


The main advantage of this method is that the mathematical 


operations, particularly integration, can be carried out with great 


precision, and this makes it very attractive in systems where there 
are two or more controllers, i.e. where decentralized control is 


‘used. Errors in conventional integrators, primarily due to drift 
‘at the input point, are cumulative and lead to an error at the 


output which increases with time. The effect of these errors, in 
decentralized control, is to cause permanent transfer of loads, 
or ‘load slip’, between the control zones. This is because the 
error is added algebraically to the desired regulation calculated 


in the controller. 


Transistors are used throughout the controller. These operate 


with a low temperature rise and at a low voltage, both of which 


factors contribute to high reliability. 


algebraic sum of three input signals. The amplifier controls a 
split-field d.c. motor (2) coupled to a d.c. generator (3) feeding a 
signal back to the amplifier input. The result of this feedback 
is that the motor runs at a speed proportional to the net external 
input voltage applied to the amplifier. The motor also drives 
a magslip (5) through a reduction gear-box. The magslip stator 
is fed with a 3-phase 50c/s signal from a standard crystal oscil- 
lator. The frequency of the output from the rotor will differ 
from the standard by an amount depending on the motor speed. 
If a signal whose voltage is proportional to load change is applied 
to the amplifier input, a corresponding change will result in the 
output frequency of the magslip, and this is then the frequency 
of the simulated system. The factor of proportionality between 
load change and resultant frequency change can be adjusted to 
any desired value by adjustment of the feedback from generator 
to amplifier, and the dynamic response of the system to a sudden 
load change can be simulated in real time by including a suitable 
delay network (6) between the input voltage representing the 
load change and the amplifier. The effect of this network is 
shown in Fig. 8. Curve A is the response of a particular network 
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Fig. 8.—Simulated frequency change following step change of load. 
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to a step change in input B, and curve C shows the resulting 
frequency change. Finally, the regulation instruction can be 
applied to the amplifier input through a second delay network 
representing the telemetering delay and the turbine regulator 
response, as shown in Fig. 7, and the model is then complete 
for the study of the behaviour of the whole regulation scheme. 
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Fig. 9.—Application of load changes to simulator derived from 
real system frequency. 


An interesting application of the simulator was in studying the 
effect on regulation of the small random frequency fluctuations 
always present in the system. Although these are too smal] and 
rapid to be controlled, they are a serious embarrassment in the 
system controller. To study the real problem the arrangement 
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shown in Fig. 9 was used. The frequency of the real system 
was measured by the precision frequency meter (1), which fed 
a voltage, proportional to frequency error, as a load to the- 
simulator. Consequently, without regulation, the simulator 
frequency followed identically that of the real system. However, 
with regulation applied as shown, the effectiveness of the regu-- 


lation was demonstrated. An example of the results — | 


obtained is given in Fig. 10, which shows the frequency 
fluctuations occurring on the real system and the 
simulated regulation. 


Another interesting simulator was developed for the — 


study of frequency control problems in Western 
Germany.!° For automatic control purposes it was 
decided to divide the network into three areas. Each 
of these was to have a system controller, and the 
transfers between areas and at their boundaries with 
the Netherlands, Belgium, France, Switzerland and 
Austria were to be included in the control. 

The. simulation was carried out on a d.c. net- 
work using largely passive elements, and was so 
arranged that telemetering and other elements used in 
practice could be readily incorporated in the simulator. — 


(10) RESULTS OF PRELIMINARY TESTS ON BRITISH 
DEVELOPMENT 
The results of one of the series of tests carried out on the 
British control are shown in Fig. 11. As only two turbine 
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Fig. 10.—Control of system simulator using load fluctuations proportional to deviations of frequency of British system 
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Fig. 11.—Test of British control on small system of about 600 MW. 
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regulators were available, the tests were confined to a small 
isolated portion of the Grid comprising the generating stations 
- at Acton Lane, Battersea, Bankside and Deptford. The small 
system was manually loaded from Thames South control and regu- 
lated by two 30 MW sets in Acton Lane ‘B’ generating station. 
The regulation carried out was displayed to the control engineer 
in Thames South, and manual load dispatching was carried out 
to keep the controlling sets within their range of regulation. 

The total capacity of the system was 642 MW, and the con- 
trolling sets were given a base loading of 22 MW and a regulation 
range of +6MW each. The load was estimated as 502 MW, 
giving an estimate for the power/frequency characteristic for the 
system of 150-200 MW per c/s. ; 

A correction of 14-5 MW per turn was used for continuous 
control, with first integral-of-frequency error only in use. The 
quality of control was improved as this parameter was increased, 
with no signs of instability. 

The discontinuous control proved unsatisfactory, but this was 
mainly due to the smallness of the system and the consequently 
large frequency variations that occurred between the corrections. 
This type of control would undoubtedly show up in a better 
light with a large system. 

The standard deviations for the frequency variations with the 
two types of control were: continuous control, 0-017c/s; dis- 
continuous control, 0-040c/s. From these figures an estimate 
of the quality of control for the complete British system gives 
standard deviations of 0:004c/s and 0-011 c/s, respectively. 


(11) CONCLUSION 
Sufficient has probably been written to introduce to the general 
reader the developments which are taking place in system power- 
frequency control. These developments are making possible 
the increased interconnection of areas of power generation, and 
increased interconnection means more economic use of plant 
and greater overall efficiency. This is the driving force behind 
the development of the techniques and the justification for their 
application. 

The next logical development in automatic system control, 
that of automatic loading of plant according to operating cost 
and system losses, must be viewed in the same light of increased 
system efficiency. Some preliminary work has been done in the 
United States in this field, particularly on small systems, but as 
yet there is, to the writer’s knowledge, no large system com- 
parable in size and complexity with that in this country with fully 
automatic load-dispatching facilities. 
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SUMMARY 


An account is given of tripping tests carried out to measure the 
power/frequency characteristics of the British Grid system for various 
conditions of plant and load. An equation is derived for estimating 
the power/frequency characteristics of the system from a knowledge 
of the turbine capacity on the busbars and the system load. 

The results of the tripping tests are applied to the problem of 
predicting the change in power transfer which would occur on a line 
connecting two large systems, as a result of a disturbance (in generation 
or demand) in either, from a knowledge of the difference between the 
frequencies of the two systems before the interconnection is established. 

Further series of tests were carried out to investigate whether the 
relationship between the changes in power transfer and the frequency 
differences would apply in actual continuous operation. It is shown 
that this relationship would apply for short periods or when the effects 
of manual control of the system are eliminated. For longer periods 
of manual control it is found necessary to use a reduced value for the 
power/frequency characteristic. 


LIST OF PRINCIPAL SYMBOLS 
P = General symbol for power. 
f = General symbol for frequency. 
K = Power/frequency characteristic of system; defined by 


AP + KAf=0. 
Pg = Generated power. 
P, = Load. 


Py = Turbine plant capacity on the busbars. 
o() = Operator indicating standard deviation of a quantity. 
y = Power/frequency relationship for an interconnector 
joining two systems [defined by eqn. (3)]. 
Suffix E denotes an ‘elementary’ relationship, i.e. one corre- 
sponding to suddenly applied disturbances. 
Suffix S denotes a statistical relationship. 


(1) INTRODUCTION 


In the preliminary planning of the cross-Channel cable 
project the possibilities of establishing an a.c. link between the 
French and British systems were examined. The interconnection 
of two large systems in this way by a relatively slender link 
would have brought with it operational problems of the first 
magnitude. 

In any power system the impracticability of making the 
generation follow the demand exactly results in small fluctuations 
of the frequency. When two systems are interconnected, a power 
disturbance in either results in a variation in the common fre- 
quency which initiates corrective action by the turbine governors 
in both systems according to their respective regulation charac- 
teristics. This results in power transfers on the interconnector, 
corresponding to a permanent equalization of the frequencies of 
the two systems. 


A joint programme of research was therefore instituted by 
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Electricité de France and the British Electricity Authority to 


investigate the size of the power fluctuations which could be — 


expected, and hence the maximum transfers which could be 
programmed, on cables of given ratings. This research fell 
chronologically into the following stages: 


(a) Each country carried out field tests to determine the combined 
power/frequency regulating characteristics of all the generators on 
its system at any one time. 

(b) A joint experiment was conducted to measure the instantaneous 
frequency differences between the two countries for the purpose of 
assessing, from the results of (a), the instantaneous power flow in a 
hypothetical cable joining the two countries. 


(c) Tests using thermal images of 132kV submarine cables were 
carried out to determine the heating effect of the predicted power — 


flows. This part of the research was carried out by E. de F. 

At a later stage the a.c. scheme was abandoned for technical 
and economic reasons in favour of a d.c. cable, and the pro- 
gramme of research was allowed to lapse. Since the results of 
these researches are of wider application than for the particular 


purpose for which they were initiated and were referred to only © 


briefly in the paper by Sayers, Laborde and Lane,! it is felt 
that an account of the British tests should now be published. 
Regarding other applications, the results can be applied to 
obtain.an equation for predicting the change in system frequency 
due to a sudden power disturbance such as would be caused by 
the loss of a large generating unit or a section of the system load. 
The results are also necessary in the design and operation of 
automatic frequency-control equipment. The latter application 
has been discussed by several authors”? when considering the 
automatic-frequency and tie-line power control of interconnected 
Continental systems. 

The results of the French tests did not lead to so simple an 


interpretation as those carried out in Britain, because the | 


French system comprises both thermal and hydro-electric 
generating plants, each type having its own particular governor 
characteristics. Although in France half the annual production 
is hydro-electric (as compared with an insignificant amount in 
Britain), the actual proportion varies within wide limits from 
day to day. 

The paper is therefore concerned with the power/frequency 
characteristics of a large integrated system of steam generating 
units and the uncontrollable power fluctuations on its inter- 
connections or with a neighbouring system. The first series of 
British frequency-regulation tests were carried out in June, 1953, 
following a similar series of tests made by E. de F. in November 
and December, 1952. Further British series were carried out 
in December, 1953, and March, 1954, to study winter loading 
conditions. 

In connection with the French tests, a theory of the relation- 
ship between the fluctuations in power flow in a line inter- 
connecting two systems and their difference in frequency when 
the line was opened was put forward by E de.F.,* and an account 
of it is given in Section 9.1. In order to apply the theory to the 
prediction of power disturbances in a hypothetical cross- 
Channel cable, it was necessary to carry out similar tests in 
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i Britain to evaluate the parameters involved in the relationship 
} under various conditions of plant and load. 

The objects of the British tests were, therefore, to assess the 
} power/frequency characteristics of the British system and to 
check under actual operating conditions the E. de. F. theory 
of the relationship between frequency difference and power 
transfer. 


(2) DESCRIPTION OF THE TESTS 


(2.1) General 


| The relationship between a disturbance in power (small 
compared with the total size of the system) and the corre- 
sponding change in system frequency can be expressed by 


AP URN Pen eei ses ah F> (1) 


where AP is the change in power and Af is the change in fre- 
quency, with due regard to sign. The parameter K depends on 
the governing and load characteristics of the system, and is 
constant for each set of plant and load conditions: it has the 
dimensions of energy, and is termed the power/frequency 
characteristic of the system. 

In order to evaluate K in eqn. (1) it is necessary to produce a 
known power disturbance sufficiently large for the corresponding 
change in frequency to be measurable. This could be done by 
tripping out generating plant, but because of the operating diffi- 
culties involved in tripping some 150 MW of plant, an alternative 
would be to carry out line trips. The latter tests consist in 
arranging the system in halves joined by a single interconnector 
carrying a known transfer and then tripping the interconnector. 
_ The French theory could be confirmed only on a statistical 
basis, because of the impossibility of operating two systems 
interconnected and independently at the same time. Duration 
tests were therefore carried out with the interconnector first 
closed and then opened, the system being subjected to random 
disturbances caused by variations in load and generation. 

In order to measure the small changes in frequency occurring 
in the tests, special high-speed recording apparatus was con- 
structed by the British Electricity Research Laboratories which 
could measure frequency to within 0:0005c/s. These measure- 
ments are described in Section 9.3. 


(2.2) Line-Tripping Tests 

In the line-tripping tests the northern and southern sections 
of the system were interconnected by a single line in the Midlands. 
|The Meaford—Warrington 132kV line was used in the first 
series of tests and the Staythorpe—West Melton 275kV line in 
the later series. A transfer of 100-170 MW was established 
and the line was then tripped. From high-speed recordings of 
power transfer and the resulting frequency changes in each 
section of the system, the power/frequency characteristics, K4 
and Kp, of the north and the south respectively were calculated 
by applying eqn. (1). The power/frequency characteristic of 
the system as a whole is then given by 


eRe eR aged b77-(2) 


There were 29 tests of this type in the first series and 19 in the 
second. 
(2.3) Generator-Tripping Tests 

The system was arranged with the north and south connected 
by a single line, as in the line-tripping tests. Three fully-loaded 
50MW sets at Hams Hall ‘B’ power station were then tripped 
by a single switch, enabling a direct assessment of the national 
power/frequency characteristic to be made. Three tests of this 
type were carried out. 
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(2.4) Duration Tests 


With the same system arrangement, the two sections of the 
country were operated interconnected for about 15min, each 
section trying to maintain the frequency at exactly 50c/s with a 
nominal zero transfer programme on the interconnector. The 
interconnector was then opened and each of the two sections 
again tried to maintain the frequency at 50c/s. The power 
transfer on the interconnector was recorded during the first 
period of the test and the difference between the frequencies of 
the two sections during the second period. 


(3) POWER/FREQUENCY RELATIONSHIPS ON A LINE 
CONNECTING TWO SYSTEMS 


(3.1) Elementary Relationship 
It is shown in Section 9 that, if a disturbance occurs in one 
of two interconnected systems, A and B, causing a change, AP;, 
in the transfer between them, and then is repeated with the two 
systems uncoupled, causing a change, A(f4 — fg), in the fre- 
quency difference, the resulting relationship between the change 
in power transfer and the change in the frequency difference is 


Nie bake 
A(fa —fp) Ka t+ Kp 


The values of K, and Kg emerging from the tripping tests thus 
enable this relationship to be evaluated. 


= Vp, say pre FG) 


(3.2) Statistical Relationship 


It is also shown in Section 9 that, for random variations over 
a period, a relationship of form similar to eqn. (3) should also 
hold for the standard deviations of the power-transfer and 
frequency-difference fluctuations, i.e. 


oP; K,Kz 


of4—fe) Ka + Kp 


The duration tests were carried out in order to investigate 
the validity of this relationship. 


Sie Say Be Gs) 


(4) EXAMINATION OF RESULTS OF TRIPPING TESTS 
(4.1) Line-Tripping Tests 


The behaviour of the frequencies after each trip followed a 
generally consistent trend, and Fig. 1 shows a typical frequency 


50:35 


50:15 


FREQUENCY 


50:10 


50-05 
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Fig. 1.—Typical frequency record for a line trip. 
The record shows the frequency from 10sec before to 30sec after the trip. 


156 


plot from 10sec before to 30sec after the trip. After the initial 
rapid change in frequency in the first 0: 6sec before the governors 
began to operate, and its partial restoration by governor action 
34sec after the trip, a series of wide fluctuations occurred, 
owing to phase variations between generators. A new state of 
equilibrium was reached about 5 sec after the trip, and for a 
further 15sec the frequency remained approximately constant. 
Thereafter a slow drift of frequency was apparent, away from 
the initial value before the trip, and this was probably due to 
the failure of the boiler plant to maintain the change in 
generation brought about by governor action. 

The change in frequency was measured as the difference 
between the average frequency over the 10sec period imme- 
diately prior to the trip and over the period from 5 to 20sec 
after the trip. Kya, Kz, K (= Ky + Kz) and VE (ce K4Kp/K) 
were evaluated from the results of the tests. 


(4.2) Generator-Tripping Tests 


In these tests 150 MW of generating plant was tripped simul- 
taneously. 

The pattern of frequency variation was, of course, similar to 
that produced in the line-tripping tests, and the frequency change 
was measured over the same time intervals. Fig. 2 shows a 


FREQUENCY, c/s 


TIME, SEC 


Fig. 2.—Typical frequency record for a plant trip. 
The record shows the frequency from 10sec before to 30sec after the trip. 


typical recording of the frequency following a plant trip. At 
the same time the change in the power transfer on the north- 
south interconnector was measured, enabling K, and Kg to be 
assessed separately by substituting the measured value of K in 
the equation 


K 
AP; = appar 


where AP; is the change in the power transfer in the inter- 
connector caused by tripping an amount AP of generation in 
system A. 


(4.3) Estimation of the Power/Frequency Characteristics for 
given Plant and Load Conditions 


The effect of an abrupt disturbance, AP, of power applied to 
the system is to cause the frequency to change in accordance 
with eqn. (1) to a new equilibrium level in which the change in 
generation, APg, due to the governor action and the change in 
load, AP;, together balance the applied disturbance, i.e. 


AP — APG = AP, 
a Pe : AP, 
whence K=-— Af + Af 


which expresses K as the sum of the regulating characteristics 
of the generation and load considered separately. 
It is shown in Section 9 that K can be expressed as a linear 
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function of the total rated turbine plant capacity on the busbars | 
exerting governor control, Pr, and the load, P,, at the normal | 


system frequency, i.e. 
K = mP. y (a nP. ‘6 


where m and n are positive constants. 


From the corresponding sets of values of K, Pr and Py for 


each test the method of least squares gave the following equations 
of best fit to the experimental data for the country as a whole: 


Tests carried out in June, 1953: K =0:°78Pr — 0-61P, 
Tests carried out in December, 1953: K = 0-81P7 — 0:59P,. 


Since the two series of tests were carried out under widely 


differing plant and load conditions, the close agreement of the 


two sets of constants confirms the applicability of the formula | 


as an estimating equation for K. : 
Fig. 3 shows the values of K calculated from these equations 
plotted against those obtained in the tests. 


K (ACTUAL), MWic/s 


$103 


3 4 5 
K(ESTIMATED),MW/c/s 


Fig. 3.—Power/frequency characteristic, K, for different plant and 
load conditions. 


Plot of actual K against estimated K. 


* « « « First series of tests. 
x x x Second series of tests. 


coefficient in the first series of tests was 0-86 and in the second 
series 0-83. For the two sets of results pooled, the equation of 
closest fit for all 51 tripping tests was 


K = 0-80Py — 0-60P, 


with a correlation coefficient of 0-90. 

Under present-day conditions K varies between 2000 and 
5500 MW per c/s according to plant and load conditions. It 
therefore follows that a 0-1 c/s change in system frequency would 
result from a sudden disturbance of between 200 and 550 MW. 

As described in Section 9, it is possible to derive from the 
constants of this equation the form of the equivalent governor 
speed/load curve for the entire system, and this is shown in 


in Fig. 4. The unbroken part of the curve corresponds to the — 


range of total system loading conditions during the tests and the 
broken part lies outside this range. At the time of the tests, 
individual sets were loaded over the entire range of fractional 
loading, but the distribution was, of course, heavily weighted 
toward the higher values. For this reason the accuracy of the 


curve must necessarily diminish towards the lower values of 


fractional loading. Nevertheless, the value of 3-9°% for the 


speed change required to throw off full load is in good agreement 


with known governor characteristics. 


The correlation — 


- 
: 


; 


i 
| 


PERCENTAGE SPEED CHANGE 


Fig. 4.—Calculated equivalent governor speed/load curve for 
entire system. 


The solid segment corresponds to the total system loading conditions experienced 
during the tests. 


(5) DURATION TESTS 


The results of the duration tests were more difficult to interpret 
than the tripping tests, because of the effects of manual control 
on the recordings of power and frequency difference. According 
to theory, Y; = oP;/o(Af) should equal Yz = K,Kz/K, provided 
that the fluctuations of power and frequency in the determination 
of Y; conform to the same type of random distribution. In 
practice, however, manual control affects the distributions of 
power flow and frequency in different ways, and may disturb 
the equality of Y; and Yp. 

Fig. 5 is typical of the frequency differences recorded. It 
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difference for these combined tests. The results of the individual 
tests are shown in Table 1, where comparison is made with the 


results of tripping tests carried out during periods of similar plant/load 
conditions. 


(6) The standard deviations of power and frequency difference 
were measured from a moving time-average over a 25sec interval 
containing a representative number of small fluctuations. The 
resulting mean curve for the frequency difference variations is 
shown in Fig. 5 as a heavy line. 

The second method of analysis depends on the two quantities 
being recorded on instruments having the same time-constant. 
Such instrumentation did not become available until the last 
series of tests in March, 1954, when three recordings were made 
to which this form of analysis was applied. The results are 
shown in Table 1 and it will be seen that they are of the same 
order as the values derived by method (a). This second method 
enables a sampling period of much longer duration to be used 
than with method (a). 

The close similarity between the distribution curves of the 
fluctuations of power transfer and frequency difference suggests 
that the effects of manual control had been substantially eli- 
minated in methods (a) and (6). Furthermore, the values of Ys 
derived by these methods were in good agreement with those 
of Y; obtained from the results of the tripping tests. 

For the purpose of estimating variations of power transfer 
over long periods of time, when the effects of manual control 
would be felt, it is to be expected that the appropriate value of 
Ys to be applied should be different from Y;. In order to study 
this effect, recordings of power transfer and frequency difference 
were made over periods of 6 and 4 hours, respectively, when 
plant and load conditions were similar. The histograms of the 
deviations of power and frequency difference are shown in 
Fig. 7. Whereas the power histogram approximates to a normal 
distribution, that of frequency difference is more reetangular in 
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will be seen that the trace consists of rapid fluctuations super- 
imposed on a slower undulation. On certain recordings a 
definite trend, which was due to the effects of manual control, 
was evident in addition to these variations. 

To eliminate the effects of manual control the test results were 
analysed in two ways, as follows: 

(a) Short recordings of power and of frequency difference for 
steady periods of about 15min (which appeared to be free from 
slow drifts caused by manual control) were selected from tests 
carried out when the respective plant and load conditions were 
similar. The standard deviations of power flow and frequency 
difference for each test were measured from the mean value. Fig. 6 
shows the histograms of the deviations of both power and frequency 


TIME , MIN 


Fig. 5.—Duration tests: specimen plot of frequency difference. 
The heavy line is a moving mean over a time interval of 25sec. 


its shape. The difference between these two histograms is 
considered to be due to the different effects of the control 
required in the two periods of each test. When the systems are 
connected the flow on the single interconnector depends mainly 
on departures from inter-area transfer programmes. Such 
departures can be observed easily and corrective action can be 
taken quickly, frequency control being merely incidental. When 
the systems are disconnected, however, although each Grid 
Control Area again operates in this manner, small departures 
from normal frequency are hardly observable on the control- 
room frequency meters, and no corrective action is taken. 
Consequently, under manual operation there is a ‘dead band’ 
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Fig. 6.—Histograms of power-transfer variations and frequency differences for short steady periods. 


o(AP) = 5:66 MW. 
o(Af) = 0:0064c/s. 
o(AP) _ 
Yg = (AA ~ 880 MW per c/s. 


Table 1 
RESULTS OF DURATION TESTS* 


Standard deviation 


Clock time 


Power Frequency From tripping 
a(AP) ofA Ff) tests 


Standard deviations during steady periods MW per c/s MW per c/s 


1540-1555 Ui. 
il —_ ——————___—_—_ 846 
1555-1601 17; 


1445-1500 
1501-1507 


0945-0955 
1001-1011 


1025-1034 
124/125 


1046-1056 

0936-0948 
0932-0944 
1433-1445 


134/136 


135/137 


1426-1446 
1933-1949 
1949-2008 


138 


Standard deviations from a mean curve 
0936-0948 


134/136 


0932-0944 
1433-1445 
1426-1446 
1933-1949 
1949-2008 


135/137 


138 


* + may be inter 


preted as follows: the calculated value of 800 MW per c/s in test No. 11, for instance, means that, if the two systems were interconnected and a transfer of 
80 MW establishe: 


d between them, the tripping of the interconnector would result in a difference between the frequencies of the two systems of 0-1 c/s. 


Ys = 


of effort, resulting in the observed flattening of the histogram of 
frequency difference and an increase in the standard deviation 
of this quantity. This would not, of course, occur to the same 
degree with automatic frequency and power-transfer control. 
The value of Ys; obtained from the long-term recordings was 
723MW per c/s, which is some three-quarters of the average 
value of 7, derived from the tripping tests carried out during 
periods of similar plant and load conditions. The difference 
between Ys and Vz is accounted for by the increased standard 
deviation of frequency difference resulting from manual control 
of the system. It will be appreciated, however, that the lower 
value of Ys is applicable only when intervals of time sufficiently 
long for the effects of manual control to be felt are considered. 


(6) CONCLUSIONS 1 


From the results of the tripping tests it is concluded that, 
for all practical purposes, the power/frequency characteristic of 
the system can be estimated from the formula 


K = 0-8Pr; — 0:°6P, 


Comparison of the tripping and duration tests verifies, within 
the limits of experiment, the theoretical relationship between 
‘the power fluctuations on a line interconnecting two systems 
and the fluctuations in frequency difference between the systems 
when disconnected. For short periods, or when the effects of 
manual control are eliminated, ¥5 = Vz. 
For estimating the instantaneous and short-term power flow 
between two systems from a knowledge of the frequency difference 
between them, yz (which can be calculated from the power/fre- 
quency characteristics of the two systems) should be used. On 
the other hand, for estimating the variations in power transfer 
over long periods, a modified value of the power/frequency 
characteristic, K, should be used for the system having manual 
control when calculating the appropriate value of Ys. For the 
British system the tests show that this modified value is about 
three-quarters of the instantaneous power/frequency charac- 
teristic of the system. 
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Fig. 7.—Histograms of power-transfer variations and frequency differences for long periods. 


o(AP) = 15-3 MW. 

o(Af) = 0:0212c/s. 
o(AP) 
o(Af) 


= 723 MW per c/s. 
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(9) APPENDICES 


(9.1) Relationship Connecting Changes in Power Transfer and 
Frequency Difference between Two Systems 


(9.1.1) Elementary Relationship. 

The primary power/frequency characteristic of any system in 
which power is generated to meet a demand may be expressed 
in the following linearized form: 


AP + KAf=0 (5) 


where Af is a small change of frequency associated with a small 
change of power, AP (load or generation), and the power/fre- 
quency characteristic, K, is a function of the governing and 
load characteristics of the system. 

Consider now two interconnected systems A and B: a sudden 
disturbance, AP, (of either generation or load) imposed on 
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system A, say, will affect the common frequency, and since the 
disturbance will be shared between the two systems in accordance 
with their respective power/frequency characteristics, a change 
in the power transfer between the two systems equal to the 
change in power in system B will result. 

From eqn. (5), the power disturbances in the two systems are 


given by 
AP; + KzAf = 0 
where NP ye Ps Pe tented bg, Bee oan elt) 


and from eqns. (6) and (7) it follows that 


nt Ky 
AP, ae Petra . . . ° . (8) 
_ ere ERs 
—AP, rae rend NPR cee aAD) 


where AP; is the change in the transfer, the sign convention 
here being that a transfer of power from A to B is reckoned to 
be positive. 

If the disturbance occurred in system B instead of system A, 
these same formulae would hold, but in this case AP, instead 
of —AP; would be equal to the change in power transfer, AP;,, 
between the two systems. 

If the two systems are disconnected, the same disturbance 
AP in one system would affect only that system, and the resulting 
change in frequency in that system would also be a measure of 
the change in the difference between the frequencies of the two 
systems. 

Thus, for a disturbance AP in system A, 


AP 
Af, = AG —fs) = — K, (10) 
and for a disturbance AP in system B, 
AP . 
Af = — A(fa —fs) = — ea hoes (11) 


If the same disturbance AP is made in coupled and inde- 
pendent operation, eqns. (9) and (10), or eqns. (8) and (11), give 


Pe ke Kae 
Mi he aes Sa 


Ky + Kp 
and since the form of this expression is symmetrical with respect 
to A and B, it is immaterial in which system the disturbance is 
made. 

The power/frequency characteristics of the two systems having 
been separately established, eqn. (12) enables changes in power 
transfer in an interconnector to be inferred from measured 
changes in frequency difference between the two systems. Applied 
to a proposed interconnection, it therefore provides a means of 
assessing from actual frequency differences the probable transfer 
fluctuations that would occur if the connection were made. 


(12) 


(9.1.2) Statistical Relationships. 


The nearest approach to evaluating the relationship between 
change in transfer and change in frequency under actual operating 
conditions would be obtained by operating two systems con- 
nected for a period, followed by a period of disconnected 
operation with each system endeavouring to maintain normal 
frequency throughout, and recording the power transfer and 
frequency difference in the two cases. 

If, then, random power disturbances AP, and AP, occur 
simultaneously in two connected systems, the combined effect 
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on the transfer with due regard to sign will be [from eqns. (8) | 
and (9)] : 
= 8 AP ee 
oes K, +k, ® 

Let oP, and oP, be the standard deviations of the power dis- | 
turbances in systems A and B, respectively, during the period of | 
connected operation, and oP; be the standard deviation of the 
transfer variations. 

Then, from eqn. (13), assuming that only independent random | 
variations occur, 


(13) 


2 
(oP)? = \ (oP? ms (<+z) (oP,)2 (14). 


_ Ke 
K, + Kg 
When the two systems are disconnected, the random distur- 
bances Af, in the frequency difference due to the random 
power disturbances AP, in A and AP, in B will be, from 
eqns. (10) and (11), 
AP, _ APz 
Ky Kp 


Hence, for independent random variations, the standard deviation 
of the frequency difference of, p is given by 


(oP. On ai (oP. 'B) 


Af,_p= (15) 


2 — 16 
(of4_p) K2 K3 ( ) 
From egns. (14) and (16), 
oP; K4Kp | 
—— = Ye. Says (17). 
Of4a-p K+ Kp at 


1 
( 
which is the statistical relationship corresponding to eqn. (12). 


(9.2) System Characteristics | 
(9.2.1) Power/Frequency Characteristics of the System. | 


Let a small change of power, AP, be imposed on a system in 
load-generation equilibrium by opening an interconnector 
through which a known amount of energy, AP, is being 
imported into the area. Measurement of the change of fre- 
quency, Af, resulting from the self-adjustment of the system to 
a new level of load-generation balance will enable K to be 
evaluated by eqn. (5). If APg is the change in generation and 
AP, the change in load, then, equating the load and the genera- 
tion before, and again after, the trip, 


(18) 


which expresses K as the sum of the regulating energies of the 
generation and load considered separately. The first term is 
manifestly determined by the combined governor regulation of 
the plant, and the second by the composition of the frequency- 
sensitive load on the system, the two effects being expressed in 
terms of the respective parameters 


(19) 


Ah: ees 
and therefore = ae (20) 


where Pr is the total amount of turbine plant on the busbars, fy 
is the normal system frequency and P, is the load. 


Neither « nor f is, in fact, constant. The equivalent governor 
} characteristic, B, of the system varies according to the degree of 
loading of the plant on the busbars, and consequently must have 
differed significantly from test to test, and the load/frequency 
characteristic, «, varies according to the proportion of frequency- 
Sensitive load on the system. 


| (9.2.2) Governor Characteristics of the System. 


The equivalent governor characteristic of the entire system is 

{ the aggregate effect of the governor regulation of each individual 

set. An elementary mathematical description of the action of a 

\, simple governor is as follows: 

_ Consider just one set connected to and synchronized with the 

| System; the centrifugal force, F, exerted by the governor weights 

;| can be written , 

F=f2R na tie 

f = System frequency. 

R = Radius of the circle described by the governor 
weights. 

F is measured in arbitrary units. 


| This force operates against the controlling force exerted by 
(the governor and speeder gear springs which, assuming a 
f relationship of the type of Hooke’s law, is of the form 


F=aR—b 


: (21) 
| where 


fi 


(22) 


| where a is determined by the fixed strength of the governor 
spring and 5 is dependent in a large number of cases on both 
the initial spring tension on the governor balls and the variable 
{ Setting of the speeder gear. It is therefore reasonable to assume, 
t for a system having plant of various makes in operation, that b 
} is a function of both the speed of the system and the fractional 


The radius between the weights, from eqns. (21) and (22,) is 
- then 
b 


ise 


Now consider a departure from the load-generation equilibrium 
| of the system resulting in a change in system speed. This change 
in speed will cause a change in the radial position between the 
} governor weights which will alter the position of the steam- 
i throttle valve so as to tend to restore the load-generation 
; balance of the system. Steam valves have flow/lift charac- 
j teristics which are far from linear; it is usual, however, with 
| modern steam-turbine governors to correct this by means of a 
1 cam mechanism in the linkage to the steam-throttle valve. 
' Therefore it can be assumed that the relationship between the 
fractional loading of the set, Pg/P7, and the radius between the 


} governor weights is linear, and hence 


(23) 


(24) 


| where c and d are constants determined by the no-load and full- 
load radii of the governor weights, Pg is the output of the set, 
/ and Pris its installed capacity. Eliminating R between eqns. (23) 
_and (24), the fraction loading of the set is 


| Pg _ _bd 
a — f? 
If the system frequency is changed by a small amount, Af, 


from its normal value, fy, the change in generation of the set is 
therefore given by 


(25) 


Qbdfyd f 


(a — fg)? T (26) 


APg = — 
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An equation of this type will hold for each set of the system, 
and, summating over all sets, an equation of identical form will 
hold for the system as a whole, where Pg and Pr are now 
regarded as the total generation and the total installed turbine 
plant on the busbars and ‘average’ values are assigned to the 
constants a, b, c and d. 

Since the measurements to determine K were carried out 
under various loading conditions of the system, the ‘average’ 
value of the speeder-gear setting b for the system as a whole 
varied from test to test, as may be seen from eqn. (25) when 
expressed in the form : 


= Pe 2 zy 
bd (¢ a) (a — f§) (27) 
Substituting for bd in eqn. (26) gives 
APg (cPr — Po) 5 
es 8 
AT 26 7 ee (28) 


and hence, using eqns. (18) and (19), the power/frequency 
characteristic of the system is given by 


2fo 
Lo ha 
a—fe Pema 
The load-generation equilibrium conditions necessitate Pg = Py 
on the right-hand side of eqn. (29), and hence 


2cfo 2fo & 
P ( \p 
Gf ea iy | 
showing that the power/frequency characteristic of the system 


is a linear function of the total amount of turbine plant on the 
busbars and the load. 


aPy 


K= (cPr (29) 


K= (30) 


(9.2.3) Determination of the Constants in the Equation for K. 


Applying the method of least squares to the sets of corre- 
sponding measurements of K, Pr and P, in order to determine 
the orientation of the plane of best fit of the form of eqn. (30), 
constrained to pass through the origin, the following ‘normal’ 
equations are obtained: 


muP,Pr — nXP? +AUPL = UKPy (31) 
muPr = nuP; = IK 3 
2cfo 
where woe rp 
ie io e 
OE he ee fe 


A is a Lagrangian undetermined multiplier, and the summations 
are performed over all sets of observations. 

It will be seen that the solutions m and n do not enable the 
values of a, c and « to be determined uniquely. It is known, 
however, that the self-regulation of the load is small compared 
with the regulation of the turbine plant, and if it is serene 
assumed that a/fp is insignificant compared with 2fo/(a — fo), 
the constants a and c may be evaluated. The value of n was 
found to be 0:6, whereas, as a result of numerous tests previously 
carried out, the magnitude of «/fy is known to be of the order 
of 0:01-0:02 and can therefore be neglected. ine 

The average value of bd can be calculated by substituting the 
values of a and c and the average value of the fractional loading 
throughout the tests in eqn. (27). From eqn. (25) the equivalent 
load/speed curve of the entire system can then be constructed. 
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(9.3) Measuring Techniques used for Frequency and Power 
Variations 

The most difficult measurement to carry out was that of 
frequency change following a trip, owing to the small varia- 
tions which could be achieved. For this purpose a cathode- 
ray-tube display was used, which is described below. This 
method of measurement was also used for the earlier duration 
tests, but for the last series of such tests an instrument giving a 
direct pen recording on a chart was developed. The first 
approach was more suitable for making accurate estimates of 
the small frequency changes following a line or plant trip, and 
the second for statistical studies of uncontrollable frequency 
fluctuations. 

For the tripping tests the frequency changes were expected 
to be of the order of 0-05c/s. Since the accuracy of the cal- 
culated power/frequency characteristic depended directly on 
this measurement, it was hoped to measure the change to within 
1%. Random variations of frequency, of about 10% of the 
imposed changes, are always present on the system, and so a tech- 
nique was required that would sufficiently reduce the effect of this 
randomness. 

The measurement was made using an intensity-modulated 
display on a cathode-ray tube. The time-base rate was 25 
sweeps per second, derived by division from a crystal oscillator. 
The time-base was divided into 40 equal parts by 1 millisec 
marker pulses derived from the same oscillator. These pulses 
appeared as a row of bright spots on the screen and were photo- 
graphed on a moving paper strip (see Fig. 8). The paper strip 
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Fig. 8.—Method of measuring frequency. 


moved at right angles to the time-base and at a speed sufficient 
to separate clearly successive sweeps, as is shown in the illus- 
tration. The millisecond markers therefore fall on a number of 
lines parallel to the direction of motion of the recording paper. 
A fast flyback was used, and only a few microseconds at the 
end of the time-base were lost on this account. Further pulses 
Q, and Qg were generated at the positive-going zero intercept 
points of the voltage waveforms of the two system frequencies 
to be recorded; these were applied as brightened pips to the 
time-base, and were gated so that those corresponding to one 
frequency appeared only on the first half of the time-base, and 
those from the other on the second half. The position of a 
Qa, or Qg pulse on a particular time-base could be estimated 
by an experienced observer to within about 0-1 millisec by 
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counting the number of millisecond markers from the start of | 


the sweep. The frequencies were derived from the records as | 
follows: : 


Suppose that on a particular time-base pulse Qa, occurs at | 


Xo millisec after the start of the sweep, the next at x; and so on. 


The pulses will fall on a line inclined to the direction of motion | 


of the strip, the angle and sense of inclination depending on the 
amount by which the frequency to be measured differs from 


50c/s and on whether it is above or below this value. For | 


example, if the frequency is low, the pulse will drift across to” 
the middle of the time-base, where it will return to the start 


and continue its drift across. If the frequency is high, it will | 


move the other way (see Fig. 9). 
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Fig. 9. 


Suppose, then, that on a time-base starting at the time ft 
the pulse Q, occurs in position x9, and that on the mth time-base 
after this the corresponding values are ¢, and x,. If the pulse 
has made s complete traverses, the time in milliseconds elapsing 
between the pulses Q,(0) and Qa(n) is 


(ce = to) + (ee — XQ) <7 20s ’ 


where ¢ is in milliseconds. The number of completed cycles of 
system frequency in this interval is 50(t,, — to)/1000, and hence 
the system frequency f, is given by 


50(t, — to) 


(i, — t>) + Gay — %) +205 cycles per second (32) 
n n 


fLa= 


40 MILLISEC 
i 
. 


where s is positive if the frequency is below 50c/s and negative — 


if it is above. Hence the mean value of f, over the interval 


(to, t,) can be calculated. Over a 10sec period the experimental — 


error on a single value obtained in this way is estimated to be 
about +0-0005c/s. 
For the later series of duration tests a recorder using a fre- 


quency-sensitive circuit was employed. The signal amplitude — 


applied to this circuit was maintained at a constant level by 
suitably applying feedback to a variable-gain amplifier. Filters 
were incorporated to eliminate any effects due to harmonics 
in the input signal, and the temperature of the frequency-sensitive 
circuit was carefully controlled. The response time was made 
equal to that of the power measurement. 

The power measurement on the line was made by a thermal 
convertor, the output of this being recorded on a servo-driven 
strip-chart pen recorder. The response time for full-scale 
deflection was about 0-5sec. 


MEASUREMENTS GROUP, AT NEWCASTLE 


. Mr. P. W. Cash: Nearly 30 years have elapsed since the 
#nception of Grid operation in Great Britain. During that time 
wrequency control has changed from a simple to a complex 
procedure. In pre-Grid days the frequency indicator was a key 
instrument In every power station: a single pointer showed the 
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DISCUSSION BEFORE A JOINT MEETING OF THE MEASUREMENT AND CONTROL SECTION 


AND THE SUPPLY SECTION, 2ND DECEMBER, 1958, AND THE NORTH-EASTERN RADIO AND 


UPON TYNE, 19TH JANUARY, 1959 


adhere closely to their instructed generation regardless of 
frequency variations, the requisite amounts of tie-line bias being 
arranged by the Grid control engineer by load dispatching to 
individual stations. Fig. A shows the remarkable improvement 
in frequency control which resulted on introducing, at the end 
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station operator how accurately he was controlling his generation 
to match the consumers’ demands. With interconnection of 
'generating stations the frequency meter no longer gives the 
station operator that information, and, with interconnection of 
Grid areas, it is only to the national control engineer that the 
frequency indication is now of overriding importance. Yet we 
are still as dependent as ever on accurate control of generation 
in individual Grid areas and power stations. The papers under 
discussion are useful in giving a clear explanation of the complex 
interaction between load, generation and frequency, the detailed 
‘basic mechanism of which is not generally well understood. 

- Our present arrangements for manual control of national 
frequency have evolved from experience. In the early days of 
interconnected operation of Grid areas, which began in 1938, 
the largest area controlled the frequency while the others con- 
trolled tie-line loadings, first to steady amounts, and later 
biased to assist frequency correction. Next, all areas, including 
the largest, worked to tie-line bias, and later still, one area was 
made responsible for correcting high frequency and another 
area for correcting low frequency. 

Throughout this time the power stations were expected to 
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Fig. A.—System frequency control. 
Curve showing on a weekly and average basis the percentage of time during which the frequency varied by more than +0-1ic/s from the target figure 
; excluding periods of plant shortage). 


Figure for week shown. 
— — — 10-week average. 


of 1953, the general use of free governor action. With this 
method the aim is that instructed generation shall apply only at 
target frequency, on departure from which the governors are 
left to vary generation without interference from the operator. 
Fig. A also shows the further improvement obtained on increas- 
ing the prescribed amount of tie-line bias from 1% to 2% of 
total generation per 0-1 c/s frequency deviation. A later increase 
to 3% produced no further improvement but tended to increase 
the fluctuations in line loadings. A return to 2% was therefore 
made early in 1955, since when the deviation from target fre- 
quency has been maintained within +0-1c/s for all but 2-3% 
of the total time, target frequency being 49-95, 50-00 or 50-05 c/s 
as required for electric time-keeping. 

This standard is satisfactory for a large commercial supply. 
The cost of installing automatic frequency control on the Grid 
is estimated to be of the order of £400000, and it is not clear 
that it would produce economies in operation. It might even 
tend to increase fuel costs by causing greater use of lower-merit 
plant. It is therefore difficult to see a case for its introduction 
on its merits alone. I am confident, however, that it will come 
as part of a general process of automation. Automatic control 
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of power-station equipment and automatic load dispatching from 
Grid control centres are future developments which can already 
be foreseen. Automatic frequency control will be needed as a 
complementary feature, and therefore I feel that we should now 
proceed with an experimental pilot scheme for a group of power 
stations to gain the knowledge and experience which will enable 
a comprehensive national scheme to be installed when the time 
is ripe. 

Mr. H. F. R. Taylor: Although I agree with Mr. Moran that 
there is no urgent operational or economic necessity for the 
immediate adoption of automatic frequency control, regard 
should be had to the need for progress towards automation. 
Whatever form this takes in a large interconnected power 
system, the pioneering work on automatic frequency control will 
form a good basis for the development. 

The author refers to governors on generating plant and the 
interesting experience in Sweden. More thought should now 
be given to the design and operation of these governors, with 
particular reference to the power system of which the generating 
plant forms an integral part. An electronic governor controlling 
the boiler input on plants with negligible thermal inertia should 
be considered. 

The load controllers have two functions: (a) to vary the output 
of the plant within certain limits, in conjunction with tele- 
metered intelligence, and (b) to enable particular items of 
generating plant to maintain a fixed level of output irrespective 
of the frequency within predetermined safe limits. Some 20% 
of the generating plant (of low merit) could operate in category (a) 
on automatic frequency control, and another 20% (of high merit) 
in category (b) to maintain a steady programmed output. The 
remaining 60°% would then be subject to free governor action 
and could be used for manual load-dispatching. 

The formula K = 0-8P; — 0-6P, for the British system gives 
a power/frequency characteristic of 5GW per c/s on a total load 
of 21GW and 4GW per c/s on 10GW. Two recent sudden 
losses of generating plant which permitted checks suggested that 
the formula gave a higher result than occurred in practice. 
The trips were of 175 MW on a system load of approximately 
7GW and 112MW on approximately 11GW; the calculated 
characteristics were 2:6 and 2:8GW per c/s respectively. 
Again, when recently some 450 MW of load was thrown sud- 
denly on to the system at the end of a popular television pro- 
gramme the characteristic was assessed as 2:2GW per c/s. I 
should like the author’s comments on these observations. 

The advantages of automatic frequency control on an isolated 
network were clearly demonstrated on the 6th October, 1958, 
when the West Berlin undertaking lost a 60 MW set on a total 
system demand of 300MW. One of the 50 MW sets on the 
network, operating on frequency control, picked up from 26 to 
44 MW much more rapidly than would have been possible with 
normal load-dispatching procedure. With the growing size of 
machines and power stations on the British system the advantages 
of high-speed response in an emergency could be attained if 
automatic control were available. 

Monsieur B. Fayez: French studies on the automatic control 
of the power output of interconnected generators led to a control 
system called ‘power-phase-energy’. The first installations were 
made in 1953, and the whole of the French network has operated 
in accordance with this method since 1955. This process permits 
the participation of many machines in the regulation, thus 
reducing the work of each and limiting the telemetering on the 
whole network. At present the peak power of the French net- 
work is 11 GW; the total nominal output of the machines able 
to participate in the regulation is nearly 3-5 GW, half of which 
is hydro-electric. The total regulating band, or the sum of the 
highest power variations of the regulating groups, reaches 


1-2GW. These machines are distributed in four regions, namely 
Parisienne, Massif Central, Pyrénées and Alpes. Each of these 


regions has a system able to work out the ‘level’—a value pro-' | 


with foreign networks—and this control gives full satisfaction. 


In particular, it permits interconnection of the German (18 GW) — 


and French (11 GW) networks by a single 225kV line without - 
the power fluctuations on each entailing interruptions of the 


link. This control scheme has also been adopted in Belgium 


and a similar process is used on the German network. 


Because the system error and integral are worked out at four 
separate points, the problem of frequency measurement and. the | 
use of a perfectly stable reference was set out fully. A fictitious — 


frequency, f’ = f + AP/A, is determined at a single point by 
taking the voltage at the output of a magslip rotor whose stator 


is supplied by the network frequency and whose rotor moves at 
a speed proportional to the net transfer error. This fictitious — 


frequency is then transmitted to the four regions, where the 
frequency error between it and a standard frequency has to be 


measured, and then the integral calculated. Mr. Moran points — 
out that this standard frequency must be perfectly stable. A — 


detailed description has been published,* so it will suffice to say 
that the standard 1024kc/s quartz generator has a relative 
precision of 1-6 x 10~-®, corresponding to a maximum syn- 
chronous time error of 0-138 sec in 24 hours. The mechanical 


integrating system does not introduce errors and the control 


made simultaneously by several centres has never given rise to 
difficulties. 


For turbine regulators, the feedback of the power delivered } 
by a generator at the level transmitted by the local centre is, in 
principle, similar to that described by Mr. Moran. The duration — 
of the pulses transmitted at constant intervals to the speed — 


motor of the regulator is determined electronically and is pro- 


portional to the difference between the reference power and the . 


power actually delivered by the group. 


i 


; 
; 
: 


A new type of electric regulator has recently been tried on . 
several hydro-electric turbines. The intrinsic qualities of the 
apparatus, particularly with regard to fidelity, are such that it is 


unnecessary to feed back the power at the ‘level’, and the intro- 
duction of the ‘level’ as a direct voltage in the regulator results 
in both very satisfactory behaviour and much lighter regulating 


equipment. This solution will be adopted for the new hydro- — 


electric plants. The possibilities of adapting it to thermal ~ 


machines are being studied. 

The frequency-control problems in France were studied with 
the help of an analogue computer, and it seems useless to con- 
struct a model specially designed for the study of this problem. 
In its most general form, taking into account the non-continuous 
actions of several elements and the existence of backlash and 
dead space in the regulating systems, the representation of the 
circuits demanded nearly 40 operational amplifiers. The results 
of these tests were used as a guide in the choice of the regulating 
systems and of the numerical values of the different parameters. 

In Paper 2790S the good agreement between the measured 
and calculated values of yg gives an added interest to the authors’ 


methods of predetermining the standard deviations of the power. - 


Our attention has been drawn to the high values of K for the 
British network. We are a little jealous of our British colleagues, 
who have most of their thermal machines participating in fre- 
quency regulation, and regret that many of our hydro-electric 
stations often work with blocked watergates. This is the 
essential reason for the difference between the apparent statismt 


* CAHEN, F., and CHEVALLIER, A.: ‘Le réglage puissance-phase’, Bulletin de la 
Société Francaise des Electriciens, 1953, 3, p. 614. 

+ ‘Statism’ is a term which defines the relationship between the power output of 
the plant on load and the power/frequency characteristic of the system. 
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| of the English and French networks, which is 12-15 % in France 
and 4-7% in Britain. 
| Mr. E. B. Powell: Fig. 2 of Paper 2790S shows how the 
i measured system frequency fell when some 150 MW of generating 
| plant was switched out of a 10GW system supplying a load of 
} some 8GW. The initial fall during 0-5sec is due to the system 
giving up stored energy, after which the governors on the various 
sets admit more steam to make good the loss. From this initial 
| drop in frequency the stored energy of the system is found to be 
{some 5-7kW-sec/kVA if the frequency of the whole system is 
t that shown by the frequency meter. If, however, the angular 
# Swing between various parts of the system were only + 2°, the 
J average frequency after 0-Ssec would be 50-07 or 50-03 c/s, 
§ depending on whether the phase swinging was less or greater 
# than that shown by the chart. The stored energy would then 
§ be either 9-1 or 2-7kW-sec/kVA. The importance of deter- 
@ mining the angular movement accurately cannot therefore be 
) Over-stressed. 
| The relative movements of the various parts of the network 
can be determined to within +0-5° by the photographic method ;* 
|) if this were used in conjunction with the authors’ frequency 
meter, the stored energy of the whole system could be obtained. 
_ Current views differ considerably on this matter, the figures 
quoted varying from 6 to 12kW-sec/kVA. 

Fig. 2 shows how rapidly the frequency will fall with a small 

| reduction in generating power; the stable operation of the system 
is really due to the sensitivity of modern turbine governors and 
# the considerable stored energy in the boiler and feed-water 
systems of modern stations. Rough tests with constant heat 
input to the boilers show that a station can provide an 8% 
} increase in output for 34min with only 2% drop in steam 
pressure. 
_ The impulsing gear described in Paper 2781 S was tested on 
/a number of machines of varying manufacture and age, and it 
' was found that the requisite change in load could be obtained 
in 15—30sec, depending on stickiness in the governor and valve 
| gear, dead bands, varying steam pressure, etc. This method 
of frequency control would be very satisfactory in practice and 
does not warrant expensive changes in the governor gear of the 
' turbines. I wonder whether the present form of centrifugal 
} governor is really warranted on large machines, where turbines 
| operate continually at almost constant speed with variations of 
‘only +3r.p.m. What is required is an apparatus which will 
j enable the governor characteristics to be changed while the 
} machine is in operation, such as that referred to by the author, 
and I hope that manufacturers will develop governors of this 
y type. 

Dr. P. D. Aylett: In describing how to find K, Messrs. Davies, 
Moran and Bird assume a certain power change in the system. 
| How could a definite power change in fact be obtained? When 
some element of the system is disconnected, the system voltages 
are altered, and thus the power taken by all the connected loads 
' changes. This is in addition to any load changes following the 
consequent change in frequency. The point of connection of a 
‘load will also greatly influence the resultant effect of its discon- 
nection. The disconnection of a load from a point of generation 

where there are voltage regulators will produce change in power 
| approximately equal to the pre-existing load, but this will not 
' be the case for a point remote from the centres of generation or 
‘maintained voltage. Thus the application of results obtained 
from the disconnection of the northern and southern parts of the 
British system to the proposed British-French connection may 
produce substantial errors. 

The impression produced by the present method of controlling 


# PoweELL, E. B., and Harper, M. E.: ‘Generator Rotor Angle Measurement by 


Stroboscopic Means’, Proceedings I.E.E., Paper No. 2576M, April, 1958 (105 A, 
p. 609). 
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generators in the power stations is not a very favourable one. 
The operators appear to spend much of their time endeavouring 
to cancel the action of the automatic control equipment of the 
turbo-generator, i.e. its steam governor and voltage regulator. 
In practice, the speed governor does not govern speed and the 
voltage regulator does not regulate voltage. The time has surely 
arrived when the automatic control equipment for generators 
needs radically redesigning in the light of the real needs for 
comprehensive power-system control. This equipment should 
include among its functions that of frequency control and load 
division. 

Mr. P. F. Gunning: When it seemed likely that there was to be 
an a.c. cross-Channel cable, it was decided to make use of the 
country’s spinning reserve for automatic frequency control so 
as to conserve merit order generation. Since most of the 
country’s generators at some time contribute to spinning reserve 
it was an impractical arrangement to rely upon telemetering to 
register the effective output of individual generators contributing 
to automatic control. 

In the system adopted a frequency-divergence detector at the 
national control centre was to broadcast continuously over the 
Grid control networks to the power stations a generation correc- 
tion signal, to control the operation of automatic load con- 
trollers. These controllers were to be in service only when the 
associated generators were contributing to frequency control, 
and each would control the output of its generator in response 
to the broadcast signal within 20%, or 40%, as required, of its 
full capacity around an economic datum loading which could be 
altered to suit generation programmes. 

Integrating wattmetric balance meters initiated ‘raise’ or 
‘lower’ impulses to the generator governor motors, to balance 
generator output against datum loading and the correction signal. 
Because of slack in governor linkage mechanisms, there was 
overshoot if the duration of the impulses was not critically con- 
trolled and machines would hunt within 2% of their capacity at 
certain loadings. We had to be content with simulating normal 
manual control by raising or lowering in steps until the required 
loadings were obtained. 

We had still to find answers to the following problems when 
work ceased on learning that the cross-Channel link was to be 
a d.c. one. With a large variety of comparatively sluggish 
generators simultaneously contributing to control bias, each 
with varying degrees of governor-linkage slack, what effective 
response or speed of response overall could be expected from 
broadcast level control? With this in mind and having regard 
to the correcting effect of free governor action, was it necessary 
to be precise in error detection at any instant, provided the con- 
tinuously averaged signal was correct? Also, since we could 
not expect the generators to balance to within 2% of their 
capacity, and since the entire range of correction from maximum 
buck to maximum boost represented only 20% or 40% of their 
capacity, need the broadcast signal have an accuracy better than 
5°%9 Another problem was how to detect system break-away 
at the various power stations so that controllers could be switched 
automatically to maximum boost or buck as required, on either 
side of the system split. 

The short answer to these problems is to use d.c. inter- 
connection between systems not under unified control, but this 
can be afforded only in a few instances on a national scale. 
However, should there be need for automatic frequency control, 
from the promising results of the prototype trials we do appear 
to have a system available for general adoption suitable for the 
operating conditions of the British Grid. 

Mr. E. E. Robinson: If the Grid is in common connection, no 
one generating system can be very far out of phase with any 
other; yet Paper 2790 S gives curves showing an over-frequency 
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for a time which must represent several cycles. Are the curves 
integrations of small speed changes over time? I do not see 
how one station can be more than a fraction of a cycle out of 
phase with another. 

The system described in Fig. 2 of Paper 2781S appears 
rather more complicated than necessary, and I should like to 
suggest an alternative. It is quite simple to design a static 
network which will accept two signals to be compared, f; and fy, 
and give an output signal corresponding to their vector 
difference which would require nothing more than amplification 
to give usable indication of the information required. The 
calibration would be sinusoidal, i.e. it would have maximum 
sensitivity at minimum signal—which seems a desirable feature— 
and the arrangement would be free from devices likely to cause 
drift. 

Mr. A. C. Lynch: In his description of the German frequency- 
error meter Mr. Moran says that the stability of the meter 
depends primarily on that of the capacitor used in the square- 
wave/d.c. convertor. It appears that the precision of the 
capacitor cannot be relied on to better than 4+%. I should not 
like it to appear that a capacitor of a precision better than 4% 
is not available if needed. 

Mr. F. J. Lane: The way in which the authors have outlined 
the problems inherent in an a.c. interconnection between two 
large supply systems presents itself as an effective justification for 
adopting a d.c. connection across the Channel. Power-system 
requirements continue to increase throughout the world, and the 
difficulties of a.c. interconnection between heavily loaded areas 
in countries as large as the United States or the Soviet Union will 
become more and more apparent, and it would appear that the 
alternative of very-high-voltage d.c. interconnection would 
provide a more effective means of interchanging power, since 
it will avoid the need for operating the associated systems on a 
common controlled frequency. 

I think that difficulty and confusion will result from referring 
to K as a constant. Reference has already been made to the 
effect of machine inertia and by boiler conditions, and it seems 
to me that the physical layout of the system must also be signifi- 


cant. Plant which is local to a changing load must feel the effect 
and respond much more quickly than plant which is remote from 
the change, so that even though the total plant and load quantities | 
are the same in two cases, the corresponding values of K will 
differ because of differences in the distribution. K is constant 
only when everything else is constant; it is really a complex 
factor which can be determined only as one value for one set of 
conditions. 

Mr. R. A. Hore (at Newcastle upon Tyne): The data on variation 
of power with sudden change of frequency are very valuable in 
connection with transient stability analysis; previous data pub- 
lished on power/frequency characteristics have essentially been 
for slow changes of frequency. Data are, however, still required 
on the power/voltage characteristics of systems with sudden 
change of voltage. 

It will be interesting to know of the dates of the various stages 
of the investigations reported in the paper in relation to decisions 
made concerning the cross-Channel link, and whether the con- | 
clusions were an influence in changing the proposed link from _ 
an a.c. to a d.c.-one. 

The papers deal essentially with low-frequency power oscilla- 
tions which are affected mainly by governor droop, but it should 
be remembered that the effect of load changes would result in a | 
series of oscillations starting with those determined by syn-— 
chronizing torque, proceeding to those governed by inertia, and — 
only then—and provided that the disturbances were sufficient to _ 
exceed the dead band of the governors—would oscillations © 
depending upon the governors occur; these would be initially | 
determined by governor rate of response and only finally by | 
governor droop. Calculations of the whole chain of oscillatory} 
phenomena likely to occur on the cross-Channel link have been 
published* and these indicate oscillation periods of the order of 
S5sec per cycle, but of the same order of magnitude as those 
mentioned in the paper. The effect of the faster oscillations 
would be to increase the effective r.m.s. current and thus to 
reduce the effective cable rating. 


* Hore, R. A.: ‘Oscillations of A.C. Tie Line Power’ The Electrical Journal, 1st — 
Rebininest st 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


Dr. M. Davies, Messrs F. Moran and J. I. Bird (in reply): Mr. 
Cash gives an interesting account of the changes which have 
taken place over the years in the frequency control on the British 
Grid. Although we agree that a satisfactory standard of fre- 
quency is at present maintained, we are pleased to note that 
Mr. Cash is confident that automatic control of the Grid will 
come as a general process of automation and that experimental 
work on a pilot scheme of automatic control suitable for instal- 
lation on the Grid should continue. 

Regarding Mr. Taylor’s comments on the formula for esti- 
mating K, it must be emphasized that it is applicable only when 
an instantaneous change of frequency results from a sudden 
change in power on the system. Assuming that this was the 
case, and that accurate values of plant capacity had been used, 
the value for K of 2:6 GW per c/s for a load of 7 GW is in good 
agreement with the results obtained from the tests. However, 
the value of 2-8 GW per c/s for a load of 11GW would, in the 
absence of further information, appear to be low. 

Because of the effects of manual control, we do not agree that 
the load increase of 450 MW following a television programme 
lends itself to the application of the formula. This load increase 
took place over some 4-5 min at a time in the evening when the 
majority of generating stations had commenced reducing output 
prior to shutting down. At that time of day the sustained change 
of generation is of the order of 50 MW/min, and the manual 


control exercised to achieve this tends to reduce the effective ; 
power/frequency characteristics of the system. 

We are grateful to M. Favez for his contribution and are fully © 
aware of the advantage we have in the matter of frequency con- 
trol resulting from the high statism of the British Grid. | 

We agree with Mr. Powell on the importance of determining 
accurately the relative angular movements between various parts — 
of the system if the stored rotational energy is to be determined — . 
by a plant-tripping test, and we would welcome an experiment — 
on the lines he suggests which would give a true measurement 
of this quantity. However, in the tests described we were not — 
concerned, in the measurement of K, with the transient con- 
ditions immediately following the trip, but it would seem that, © 
so far as the recordings can be used for this purpose, a value of 
6kW-sec/kVA for the stored energy is not unreasonable. We are 
most interested in Mr. Powell’s views on the considerable amount 
of stored energy in the boiler and feed-water systems in modern 
power stations. 

In reply to Dr. Aylett, the effect of the temporary rise or fall 
in system voltage following a line trip was carefully considered 
prior to the tests. Since the voltage would tend to rise at one 
side of the splitting point and fall at the other, any errors in the 
calculated values of K, and Kg would tend to be eliminated 
when added together to obtain the total K for the system. The 
close agreement between the results obtained from the plant- 


i 


| ripping and line-tripping appears to confirm this view. It 
should also be stressed that we were concerned only with steady- 
state conditions, and for this reason the measurement of fre- 
#quency change was made in the period 5-20sec after the trip so 
as to avoid the transient state. 
# We would point out to Mr. Robinson that the frequency 
traces shown in Fig. 1 of Paper No. 2790S were recorded with the 
two parts of the system disconnected, but we do not understand 
$ proposals for an alternative method of measuring frequency. 
#Uhe vector difference of two voltages at frequencies J; and f, is 
a measure of their phase difference. This quantity would first 
have to be differentiated and then amplified to give a usable 
heasurement of frequency difference. In view of the small 
frequency difference to be measured, such an approach would 
pe extremely sensitive to drift in the amplifier. 
We agree with Mr. Lynch that capacitors are produced with 
ong-term stabilities of better than 0-5°%, and stabilities of better 
than 0-01 % can be achieved in production equipment if tempera- 
#ure-controlled enclosures are used. However, the accuracy of 
the German frequency meter depends directly on the amplitude 
of the square wave applied to the integrator as well as on the 
stability of the capacitor, and thus an improvement in the latter 
yould not be justified unless a corresponding improvement in 
he control of the amplitude could be achieved. 
Although we agree with Mr. Lane that K is a complicated 


_ Dr. B. Salvage (communicated): On a number of occasions we 
nave observed the self-extinction of gaseous discharges in cavities 
in the dielectrics of polythene-insulated cables. An example of 
the effect is shown in Fig. A, which illustrates the variation in 
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Fig. A 


ithe discharge characteristics of a short length of 0-022 5 in? 11kV 
3-core polythene-insulated cable during a loading cycle test. 
The cable, having conductors screened with semiconducting 
carbon-black paper and cores screened with Aquadag, semicon- 
ducting carbon-black paper and copper tape and insulated with 
polythene having a melt flow index of 0-3 in was initially subjected 
to three bending cycles around a barrel having a diameter 
equal to twelve times the cable diameter, and then twenty 
daily heat cycles, each of 8 hours’ duration, to a maximum 
: * RocErs, E. C.: Paper No. 2730 M, December, 1958 (see 105 A, p. 621). 
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function of generation, transmission and system loading charac- 
teristics, we consider that, for a given system consisting of a large 
number of generating units, the power/frequency characteristic 
depends almost entirely on plant and load conditions. 

In reply to Mr. Hore, it was concluded from the seriesof tests 
carried out that the operation of an a.c. interconnection between 
Great Britain and France would be feasible provided that auto- 
matic control was installed in Britain. However, for other 
reasons, both technical and economic, it was decided to install 
a d.c. link between the two countries. The history of this 
development and the reasons for the decisions taken have been 
outlined elsewhere.* 

We note with interest that most speakers have referred to the 
desirability of installing a type of turbine governor more suited 
to present-day system requirements. We agree with this view, 
since it is most desirable to be able to alter the governor charac- 
teristics of individual machines according to their load cycle. 
For a unit operating on base load a high value of statism is 
desirable, while for the plant taking the bulk of the load changes 
(i.e. the plant with the highest cost of generation) a low value is 
desirable. This flexibility could be achieved by installing elec- 
trical governors or by including a frequency-sensitive element in 
the turbine regulator described in Paper No. 2781 M. . 


* LANE, F. J., and CAHEN, F.: ‘The Establishment of an Inter-Connection between 
France and Great Britain’, Lausanne Congress of the Union Internationale des 
Producteurs et Distributeurs d’Rnergie Electrique, June-July, 1958. 


DISCUSSION ON 
“THE SELF-EXTINCTION OF GASEOUS DISCHARGES IN CAVITIES IN DIELECTRICS’* 


conductor temperature of 75°C, were applied, a voltage of 
1-5 times working voltage (9-5kV between conductors and 
earth) being maintained continuously. The discharge character- 
istics deteriorated appreciably during the first heat cycle, but 
subsequently steadily improved; the 1pC discharge inception 
voltage increased during the loading cycle test from 7:5 to 
11-5kV. Further experiments have shown that the improvement 
in the discharge characteristics does not occur if high voltage 
is not maintained, and that once the improvement has developed 
the removal of high voltage tends to be followed by a deteriora- 
tion in the discharge characteristics to their earlier form. 

The importance of the self-extinction phenomenon which 
Mr. Rogers describes, and which the above cable demonstrates, 
does not seem to have been sufficiently appreciated in the past. 
It clearly has a vital bearing on the service behaviour of poly- 
thene-insulated equipment, which, it would appear, cannot be 
reliably predicted from a single measurement of the discharge 
characteristics. 

Mr. E. C. Rogers (in reply): Dr. Salvage does not state the 
discharge characteristics of the cable before bending, so it is 
uncertain whether the observed discharges were in cavities pro- 
duced by the bending cycles, and adjacent to one of the carbon- 
black paper screens, or whether they could have been in con- 
traction cavities within the bulk of the polythene. If the cavities 
were bounded entirely by polythene, the behaviour he describes 
would be expected, since, as shown in the paper, discharges in 
such cavities extinguish readily. However, it is more probable 
that the cavities were adjacent to one of the screens. I have made 
no tests on samples containing cavities adjacent to carbon-black 
paper, but it seems likely that self-extinction would occur, pro- 
vided that the transverse dimensions of the cavity were not too 
great compared with their radial depth. 

The uncertainty attached to discharge measurements on poly- 
thene-insulated cables was stressed by Dr. Brazier, in his com- 
ments in the discussion on ‘The Voltage Characteristics of 
Polythene Cables’ by Davis, Austen and Willis Jackson (Journal 
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LE.E., 1947, 94, Part II, p. 154). Since self-extinction is not a 
permanent effect, and only occurs under certain conditions, it 
cannot be relied upon to inhibit discharges in polythene-insulated 
equipment, and in view of the susceptibility of polythene to 
discharge damage, the only safe procedure is to operate such 
equipment at voltages below the discharge-inception value. 
Hence, presumably, the purpose of measuring the discharge 
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- 


characteristics is to ensure that the equipment will be discharge 


free at the intended working voltage. It is therefore the mini- 


mum discharge-inception voltage that is required, and so the 
measurement should be made either on the virgin equipment, 


after heat cycling, or, if the equipment has already been stressed, 


after a period of rest sufficiently long to permit the initial 


characteristics to be regained. 


DISCUSSION ON 
‘D.C. WINDER DRIVES USING MERCURY-ARC RECTIFIER/INVERTERS’* 


SOUTH MIDLAND SUPPLY AND UTILIZATION 


Mr. H. M. Fricke: I believe that the rate of increase of load 
is as important as the load itself. I should also like more 
comments on the closed-loop control system. 

Mr. J. W. Foster: In describing the application of this equip- 
ment the authors mentioned the experimental nature of the 
inversion part of the cycle. What special precautions were 
necessary to obtain successful operation in this condition? It 
would also be interesting to know the effect, if any, of a long 
shut-down, and the precautions which are necessary to ensure 
safe operation of the equipment on restarting. 

Mr. J. Terry: In Section 4.4.4 the authors state that, in order 
to minimize the incidence of arc-starvation surges, it is desirable 
to accommodate mercury-arc rectifiers in an ambient tempera- 
ture controlled above a minimum value of 15-20°C. If this is 
not possible, temperature control of the rectifier must be pro- 
vided. B.S. 1698 gives 10°C as a minimum temperature; are 
the authors suggesting that this figure should be revised ? 

If we accept their minimum temperature and at the same time 
use the 30°C given by B.S. 1698 as the maximum temperature 
of cooling air, the permissible differential in cooling-air tem- 
perature is 15°C or less. If this condition is recommended, 
cannot the cooling problem be met by a small self-contained 
closed-circuit air-treatment plant supplied as an integral part of 
the rectifier equipment, thus avoiding all the anode and cathode 
heaters, fan-failure relays, thermostats and other devices, par- 
ticularly where the equipment is located in a substation with 
other plant which may seriously influence ambient temperature? 
Since this equipment appears to have been in service for two 
years, can the authors furnish any information on its performance 
during that period, with particular reference to troubles asso- 
ciated with arc starvation? 

Mr. R. A. York: The winder at Monk Bretton is a small one, 
and although the effect on the supply voltage is insufficient 
to affect other consumers, I feel that the margin is not very 
great. The short-circuit level is 98 MVA, and the ratio between 
this and the power of the rectifier is approximately 0:5. For 
larger winders, of 1 MW or over, a short-circuit level of at least 
500 MVA would probably be necessary. In view of this, can 
the authors give any information about larger installations, either 
in this country or abroad? 

In the closed-loop control the current reference determines the 
maximum current which can be drawn from the supply system. 
How far can this be varied, and does variation produce a propor- 
tional effect on the speed of the wind? 

Although increasing the number of phases reduces the har- 
monic content of the current taken from the a.c. supply, it does 
not effect the same amount of improvement on the regulation or 
on the power factor. Can any appreciable improvement in 
power factor be made by using grid control of alternate phases as 
a means of reducing the voltage regulation on the supply system? 

Mr. G. pory also contributed to the discussion. 


» McBreen, J. P., and SHERLOCK, J.: Paper No. 2324 U, February, 
1957 Gent 10S A. py 7, and. 106 A, Dadi): 


GROUP AT BIRMINGHAM, 13TH OCTOBER, 1958 


Messrs. L. Abram, J. P. McBreen and J. Sherlock (in reply): For | 


convenience we shall reply by subject rather than to individuals. 
Rectifier Temperature-—The working temperature limits for 


rectifiers given in B.S.1698 relate to the rated load of the equip- | 
In the application described in the paper the rectifier is | 


ment. 
required to start on the peak load of the duty cycle, which may 
be 2-3 times the rated load. It is considered that for such duties 


the minimum. temperature specified in B.S. 1698 is too low and 


the figure given in the paper is preferred. 
Closed-circuit air-treatment plant is technically possible, but 


can be justified economically only for very large installations 


such as those encountered in electrochemical service. In 
smaller installations it is more convenient and less expensive to 


position the rectifier in the air intake to the building in which © 
it is housed, where the upper limit of 30°C is rarely exceeded in 


this country. 
No trouble should be experienced in restarting after a shut- 


down’ period of up to three months if the rectifier tanks have’ 


been maintained within the temperature limits quoted. For 
longer periods the additional precaution of operating the rectifier 


excitation at approximately 3-monthly intervals to check the 


state of the tank vacuum should ensure trouble-free restarting. 
Inverter Operation.—Reference in the paper to the experi- 


mental nature of the inversion part of the cycle was intended © 
to imply that, although the theory of inverter operation was — 


known, its application to mine winders in this country was new. 
No special precautions, apart from those outlined in Section 4.1, 
were found necessary to obtain satisfactory operation. 

Effect on Voltage Regulation.—The effect of voltage regulation 
due to a rectifier winder on other consumers depends on the 
frequency and magnitude of the fluctuations. 
published by Kroneberg,t a regulation of up to 2% can be 
tolerated for a winder duty operating at 30-60 winds per hour 
without the limit of irritation being reached. Each case must, 
however, be considered on its merits, and equipments rated up 
to 2500h.p. are due to be installed in this country without the 
regulation becoming excessive. 


According to data. 


Power Factor.—Various systems have been advocated for 
improving the power factor of grid-controlled rectifier installa-— 


tions, but they are ruled out on economic grounds for applica- 
tions of this type. 

Closed-Loop Control.—Adjustment of the current-limit refer- 
ence can vary the maximum current from a very low value to 
the maximum rating of the rectifier equipment. The setting of 
this limit would affect the speed of the wind only if the limiting 
current, and hence the motor torque, were insufficient to drive 
the load. 

Monk Bretton Performance.—The performance of the equip- 
ment at Monk Bretton has been entirely satisfactory, and no 
reports have been received of troubles arising from arc starvation. 


+ KRoneperGc, A. A.: ae Dips and Flicker’, Transacti the A 
es “986, a Se ~ p sactions of the American 
E.: ‘Sequence One for eee the Reactive Power of Rectifi 
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SUMMARY 

The paper describes a method of determining the self-inductance of 
1 Circuit by direct measurements made at the circuit terminals. The 
method appears to be particularly useful where the circuit currents 
ire larger than 10amp, and the application of the method to the 
@letermination of the magnetic constants of a synchronous machine 
presented. 


LIST OF SYMBOLS 


@® = Flux linkage in the coil, volt-sec. 
L = Instantaneous self-inductance of the coil, 
henrys. 
,, L’ and L” = Synchronous, transient and subtransient induc- 
tances, henrys. 

7 and 7” = Transient and sub-transient time-constants, sec. 
Ry, Rp, R,, R,, and R = Resistances of circuit components, 
ohms. 


(1) INTRODUCTION 


| Measurement of the coefficient of self-inductance of a coil 
Oresents considerable difficulties if the coil is linked magnetically 
with other circuits which cannot, owing to their inaccessibility, 
be opened while the measurement is being carried out. For 
instance, if we try to measure the self-inductance of a field coil 
supported on a solid steel pole, by passing alternating current 
through it while observing the voltage at its terminals, the 
apparent self-inductance will be found to vary with the frequency 
of the supply, although the flux density is kept constant, owing to 
the eddy currents induced in the pole body. This difficulty can 
6 overcome by measuring the pole flux on direct current with a 
fuxmeter and a search coil, but in order to calculate the coeffi- 
sient of self-inductance we must know the effective number of 
furns in the field coil. This information is not, in general, 
available, even though the actual number of turns is known, 
isince all the flux cutting the turns of the search coil will not 
necessarily cut all the turns of the field coil. 

The paper describes a method in which the circuit upon which 
the measurement is made acts as the search coil. It is thus 
mnecessary to know the actual number of turns in the circuit 
land the winding and leakage factors. The method seems par- 
icularly applicable to the measurement of comparatively large 
‘inductances and to circuits which carry heavy currents. 


(2) DESCRIPTION OF METHOD 

A Grassot fluxmeter measures volts-second, i.e. it evaluates 
the integral 
: 0 at 


Thus, if the flux linkage in the test circuit changes from ©, to 
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A METHOD OF MEASURING SELF-INDUCTANCES APPLICABLE TO LARGE 
ELECTRICAL MACHINES 


By Prof. J. C. PRESCOTT, D.Eng., and A. K. EL-KHARASHI, B.Sc. 
(The paper was first received 18th June, and in revised form 28th November, 1958.) 


@, in time T, the meter will, if suitably calibrated and connected 
across the circuit, record the quantity ®, — O,. The coefficient 
of self-inductance* is defined as the change in flux linkage when 
the current changes by one unit. Thus, if the flux linkage 
changes from ®, to ®, for a current change J, to 1,, the coefficient 
of self-inductance is given by 

®,—®, 


[el eee 
Vinten tbs 


If T is made sufficiently large to allow the currents in any other 
circuit magnetically coupled with the test circuit to die away, 
and if the change in the exciting current producing the change in 
flux is known, the self-inductance of the circuit can be calculated 
immediately. 

In order that the circuit winding may both produce the flux 
and act as a search coil for the fluxmeter it is convenient to use 
a bridge circuit, which is shown in Fig. 1. The coil A under 


Fig. 1.—Bridge circuit for measuring the self-inductance of a coil. 


test, of resistance R, and unknown self-inductance L, is placed 
in the arm opposite to a non-inductive resistor Rg, where 
R,4 =z. The other two arms consist of equal resistances, 
R, and R,,, shunting the fluxmeter F. The exciting current, 
measured by the ammeter M, is provided by the battery B 
through the adjustable resistor R and can be interrupted by the 
switch S. 


(2.1) Method of Test 


With the switch S closed, the exciting current is adjusted to 
any desired value and Rg is adjusted until no creep can be 
detected on the fluxmeter. This will be achieved when the 
resistance in the upper mesh of the bridge is equal to that in 
the lower mesh, which is the condition for steady-state balance. 
If S is now opened, the balance of the bridge will be disturbed 
by the e.m.f. generated inductively in A, and the fluxmeter will 
be deflected by an amount proportional to the total change of 
flux linkage in A. The sensitivity of the fluxmeter is directly 
proportional to R, and inversely proportional to Ry + R,. 


* SmyTH, W. R.: ‘Static and Dynamic Electricity’ (McGraw-Hill, 1939), p. 313. 
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(2.2) Calibration 


In order to determine the constant of the fluxmeter the test 
coil, A, is replaced by a non-inductive resistance having the 
same resistance. This can easily be arranged by keeping the 
setting of Rg constant and adjusting the second non-inductive 
resistor until the fluxmeter ceases to creep when a steady current 
flows in the circuit. The upper mesh is now opened at J, and 
with S open, a known potential is inserted for a known time 
across the gap. The response of the fluxmeter to this known 
input determines the constant of the instrument. 


(2.3) Practical Application 


The method has been found very convenient for measuring 
self-inductances where large currents are involved. Under these 
circumstances, ammeter shunts of appropriate current rating 
may, with advantage, be used instead of R, and Ry. If R, 
and R,, are equal and small compared with the resistance of the 
fluxmeter, the constant of the fluxmeter for a flux change in A 
is very nearly independent of R. The resistance of a fluxmeter 
is generally about 15 ohms, and the resistance of a 1 amp shunt 
is about 0-075 ohm. Thus, even with this comparatively high- 
resistance shunt the ratio of the fluxmeter resistance to the 
resistance of the shunt would be 200 : 1, and the difference of 
the fluxmeter constant with S open and closed would be negligibly 
small. It is therefore immaterial whether the readings of the 
fluxmeter are taken with S open or closed. Observations can 
be made both for the condition when the flux is established in A 
and when it is removed by the interruption of the exciting current. 

Even with a very large inductance, no dangerous voltage rise 
can occur across A when the current is interrupted; the maximum 
voltage will not exceed that which exists under steady-state con- 
ditions, i.e. before S is opened. 

It can readily be seen from Fig. 1 that the battery supplies 
twice the current flowing in the coil under test. If it is required 
to reduce the battery current, the resistance of Rp can be taken 
as a multiple of that of A, and the steady-state balance of the 
bridge is then obtained either by decreasing R, or increasing 
R,. The deflection of the fluxmeter is still independent of R. 
The actual resistance of R, and R, is a matter of little importance 
since an overriding calibration is applied to the bridge in the 
manner that has been described. Their combined resistance 
should, however, be small compared with the resistance of the 
fluxmeter—0:01 of this value, say—and at the same time suffi- 
ciently large to ensure an adequate deflection of the instrument. 
In the practical case, there appears to be plenty of latitude. 

It follows that the bridge arrangement may be used to measure 
the total change in flux linkage occurring in A during any given 
interval of time, 1, if it is only this change which produces the 
deflection of the fluxmeter. However, the constant of the flux- 
meter depends on R, and R,,, and the moving coil of the meter 
must be connected across the shunts for the whole time interval 
during which the coil is in motion. Suppose, for instance, that 
we wish to evaluate the apparent self-inductance of a coil as a 
function of time; we want to determine the change in the flux 
linkage A®, shown in Fig. 2, which will occur in a given time 
interval, say ¢,, after the current in the coil has begun to fall. 
The switching arrangement shown in Fig. 3 will make the 
measurement possible. S, is initially closed while S, is in 
position (a) short-circuiting the fluxmeter. The steady current 
Ip in A is indicated by the ammeter M.S, is opened to discon- 
nect the battery supply, and this is followed after an interval t, 
by the instantaneous movement of S, from position (a) to (6). 
This can be achieved by using for S, a Post Office relay inter- 
locked with S, and set to operate at 7, after the opening of S;. 
The fluxmeter will record the change of the flux linkage in the 
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Fig. 3.—Bridge circuit for measuring the apparent self-inductance of 7 
a coil as a function of time. 


coil from f, until the time when the flux has died away completely. — 
The self-inductance is 


AdD_ D—9, 
Abi 
sy | d® 
and i= Re ee 


where ®,) = Initial flux linkage in the coil. 
@®, = Flux linkage in the coil at any time ¢, when the 
current is decaying. 
I, = Current flowing in the coil A and resistor Rg at 
time ¢, after the opening of S;. 


dt t=t 
Ry, Rp = Non-inductive resistances of coil A and the dummy — 


. 
d® : i 
) = Slope of the ®/t curve at time 1¢,, volts. 
7 

Rg, respectively. | 


To calculate the self-inductance at any particular time, the 
slope of the ®/t curve at that instant is required. This implies 
the necessity of obtaining sufficient points around that instant in 

order that a tangent to the curve can be drawn. Moreover, 


the initial flux linkage and current must be measured. 


(3) APPLICATION OF THE FLUXMETER METHOD TO THE 
DETERMINATION OF THE MAGNETIC CONSTANTS OF 
A SYNCHRONOUS MACHINE 


(3.1) Open-Circuit and Zero-Power-Factor Characteristics 


The armature phases are connected as shown in Fig. 4 and 
placed as coil A in the bridge circuit of Fig. 5. Coupled with 
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measuring the direct- and quadrature-axis values. 


ARMATURE 


Fig. 5.—Bridge circuit for predicting the open-circuit and the 
zero-power-factor characteristics. 


g armature flux linkage. 
(3.2) Armature Synchronous Reactance 


linkage. 
_ For Fig. 4(a) the inductance per phase is 5 O/I. 


g ; 1 
For Fig. 4(b) the inductance per phase is 5 O/T. 


where J = Current indicated by the ammeter M. 


(3.3) Transient and Sub-Transient Synchronous Reactances 


If the armature phases are connected as shown in Fig. 4 and 
placed as A in Fig. 3, and the poles are moved to lie under the 
resultant armature m.m.f., the field winding being short-circuited, 
the self-inductance of the armature as a function of time is 


- 4.—Two possible connections of the armature phases for use in 


i armature in the direct axis is the field winding. The battery, 
, is connected so as to give the armature a demagnetizing effect. 
oth circuits are interrupted simultaneously by the double-pole 
witch S,S,. With B removed, the open-circuit characteristic 
is obtained by interrupting the field current with S,S, and 
eading the corresponding armature flux linkage. With the 
ature current constant and varying field current, the zero- 
ower-factor characteristic is obtained by interrupting both 
ature and field currents by S,S, and reading the correspond- 


If the armature phases, connected as shown in Figs. 4(a) and 
(b), are inserted as A in Fig. 1 and the polar axis is rotated to 
ie under the resultant armature m.m.f., the fluxmeter reading is 
roportional to the direct-axis armature flux linkage. With the 
rotor clamped at right angles to the resultant armature m.m.f., 
the reading is proportional to the quadrature-axis armature flux 
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obtained, from which the transient and sub-transient direct-axis 
inductances and the decrement factors can be separated 
Similarly, with the poles clamped at right angles to the resultant 
bait ete m.m.f., the transient (if any) and the sub-transient 
quadrature-axis inductances and the corresponding d 

ecrem 
factors can be determined. : a 


ao 


INDUCTANCE 


APPARENT 


: SUBTRANSIENT 


TRANSIENT 


TIME 


Fig. 6.—Variation of apparent inductance with time. 


The curve showing the variation of apparent self-inductance 
with time is shown in Fig. 6 for the direct axis. It can be 
divided into three components: 


(a) The sub-transient region ab with a short time-constant +” 
influenced by the damper windings or any significant paths for eddy 
currents. 

(b) The transient region bc with a long time-constant 1’ influenced 
by the field winding. 

(c) A steady-state region of the synchronous inductance, attained 
after total decay of the current in the coupled circuits. 


The amplitude of the apparent inductance as a function of time 
is thus assumed to be of the form 


Be Te Le i Lee 


where L = Apparent inductance at time ¢. 

L, = Synchronous inductance. 

L’ = Initial value of the transient inductance obtained by 
extrapolating the transient part of the curve to the 
zero time axis. 

L” = Initial value of the sub-transient inductance. 
Then 


log WEE =— L) = log [(L, — Ljebs = (L’ ey L’)e—#e”"] 


If the excess of the synchronous inductance over the apparent 
value is plotted on a semi-log scale against time we get L, — L’’ 
at t = 0 (see Fig. 9). 

The transient inductance is obtained by neglecting the sub- 
transient period and extending the transient part of the curve to 
the initial instant. 


1 
Thus log (L, — L) = log (L, — L’) — = 


which gives a straight-line relation between time and log (L, — 15)y. 
giving L, — L’ att = 0. 

However, in the quadrature axis there is no coupled field 
winding, and therefore the transient region will not be present. 
The inductance curve will then contain only a sub-transient and 
a steady-state region. 


172 


(4) MEASUREMENTS AND RESULTS 
(4.1) Open-Circuit and Zero-Power-Factor Characteristics 
Fig. 7 shows the open-circuit and the zero-power-factor 
characteristics obtained from a 10kVA 250-volt 23-1 amp 50c/s 
machine. The quantities measured by the bridge circuit are 


180 


PHASE VOLTAGE, VOLTS 


6 
FIELD CURRENT, AMP 


Fig. 7.—Open-circuit and zero-power-factor characteristics. 

(a) Open-circuit. 

(6) Zero power factor. 

o Voltmeter method. 

x Fluxmeter method. 
flux linkages, and for comparison they are converted to voltages 
by multiplying by the angular frequency. The armature direct 
current was kept constant at 25amp. So far as the resultant 
m.m.f. is concerned, this is equivalent to an alternating current 
of 25/4/2 = 17-:7amp (r.m.s.) flowing through the inductive 
load. 


(4.2) Direct- and Quadrature-Axis Synchronous Reactances 


As explained in Section 3, the armature phases were connected 
as shown in Fig. 4(4) and inserted in the bridge circuit of Fig. 1 
in place of A. A steady current was then allowed to flow 
through the armature while the rotor was locked. The resis- 
tance of the armature circuit is normally low, which implies the 
use of an adjustable resistance of low value at Rp. This may 
give rise to some difficulty in setting the balance of the bridge. 
However, inserting an additional and equal non-inductive resis- 
tance in both top and bottom meshes helps to establish the 
balance. These external resistances will reduce the sensitivity 
of the fluxmeter, but it can be raised by using higher shunting 
resistances. To test for direct-axis quantities, a voltmeter was 
connected across the field terminals and the current in the arma- 
ture was interrupted. The rotor was moved until the throw of 
the voltmeter was a maximum. The poles were then directly in 
line with the axis of magnetization. To test for quadrature-axis 
quantities, the rotor was moved slowly until the voltmeter showed 
no deflection when the armature current was interrupted, 
indicating that the poles were in quadrature with the axis of 
magnetization. 

When two of the armature phases were connected in series 
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; | 


and the current was changed by 16amp, the fluxmeter deflected | 
through 36 divisions in the direct axis and 23-5 divisions in the 
quadrature axis. The total resistance of the armature circuit, ] 
Ry, was 0:575 ohm, and the fluxmeter was connected across \ 
two 30amp ammeter shunts, each of resistance 0:0025 ohm. | 
On calibration, a potential difference of 0-575 volt was required || 


for 1-51 sec to produce a deflection of 35-7 divisions. Thus: 


Constant of fluxmeter . 
_ 0:575 X 1°51 _ 9.9943 volt-sec/division 
35°7 1 
1 36 x 0-0243 
Direct-axis inductance = 3 x i6 = 27-3mH 


Direct-axis synchronous reactance bil 
2a x 50 x 27:3 x 10-3 = 8-57 ohms} 


All 

1 23-5 x 0-0243 

Quadrature-axis inductance = 3 x = te 17:-9mH © 

Quadrature-axis synchronous reactance i] 
=2n x 50 x 17-9 x 10-3 = 5-62 ohms 


Normally the direct-axis synchronous reactance is calculated 
from an open-circuit and a short-circuit test. On open-circuit © 
it was found that a field current of 3 amp produced on the air-gap 
line a voltage of 199 volts. On short-circuit, the same field — 
current caused a current of 13 amp to flow through the armature — 
phases. 

Thus the unsaturated direct-axis synchronous reactance is 

ee = 8-84 ohms/phase 
A slip test was carried out to check the quadrature-axis induc- 
tance. The field winding was left open and a 3-phase voltage 
was applied to the armature through a step-down transformer. 
The rotor was coupled to a d.c. motor which was run at a speed 
very near to synchronism. The maximum line current was 
10-35-amp (r.m.s.) and the minimum terminal voltage was — 
97 volts (r.m.s.). Thus the quadrature-axis synchronous reac- 


tance is 
97/4/3 


‘ie 5-4 ohms 


(4.3) Transient and Sub-Transient Synchronous Reactances 


The variation of the armature flux linkage with time was 
measured as explained in Sections 2 and 3 and plotted in Fig. 8. 


0:5 


° 
b 
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Fig. 8.—Variation of armature flux linkage with time. 


(a) Direct axis. 
b Quadrature axis. 
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. 9.—Semi-logarithmic plot of the excess synchronous inductance 
over the instantaneous value. 


(a) Direct axis, 
(6) Quadrature axis. 


The inductance at various instants was calculated and the excess 
of the synchronous inductance over the calculated value was 
plotted on a semi-logarithmic scale (see Fig. 9) from which the 
following values were measured: 
Direct-axis transient inductance .. =27:3—19=8 
Direct-axis sub-transient inductance = 27-3 — 22 =5:3mH 
Quadrature-axis sub-transient induc- 
tance 


Thus 


= 17-9 — 6-9 = 11 mH 


Direct-axis transient reactance = 2:6 ohms 
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Direct-axis sub-transient reactance. . 
Quadrature-axis sub-transient reac- 
tance 


= 1:67 ohms 
= 3-45 ohms 


To check the sub-transient reactances, a single-phase 50c/s 
voltage was applied to two armature phases in series, the rotor 
being held still and the field winding short-circuited* and the 
readings of a voltmeter and an ammeter were taken. 

Voltmeter reading at de reading 
vO! 


Its ip 

Direct axis Po 12:5 3-9 
Quadrature axis .. fs 30 3-85 

Thus 
Direct-axis sub-transient 1. 12°5 

reactance AB bs Ce = 1-6 ohms 
Quadrature-axis sub-transient 1 30 

reactance = 5 x 3-85 = 3-9 ohms 
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DISCUSSION ON 


‘APPLICATION OF A VARIABLE-REACTOR/CAPACITOR COMBINATION FOR 
REVERSING AND CONTROLLING THE SPEED OF POLYPHASE INDUCTION 


MOTORS”* 


Dr. V. Ahmad (communicated): Torque/slip characteristics 
similar to those shown in Fig. | may be obtained by applying 
unbalanced voltages to the primary terminals of a 3-phase induc- 
tion motor, and the arrangement by which this unbalance may 
be caused is immaterial. In the control scheme discussed by the 
author, it has been achieved by introducing a reactor/capacitor 
combination in one of the supply lines connected to the terminals 
of the motor. With a saturable-reactor/capacitor combination, 
where reactance may be varied with the speed of the motor, 
steep torque/slip characteristics like curve 2 (Fig. 1) may be 
obtained, but in this case it appears that the motor will be 
operating continuously on the unstable part of its torque/slip 
characteristics for any load, the speed being held constant at this 
point, however, by the feedback control shown in Fig. 2. To 
vary the speed of the motor, for the same load, its performance 
may be transferred to another similar characteristic obtained by 
adjusting the reference voltage V, to a new value. In this 
scheme the motor is obviously made to operate under severe 
duty conditions, first because its terminal voltages are always 
unbalanced, and secondly because it operates in its unstable 
region. I feel, therefore, that the scheme suffers from a number 
of disadvantages, on which no comments have been made, 
presumably because, as mentioned in the paper, the author did 
not have the necessary facilities for carrying out the experiments 
in accordance with his proposed scheme. The full-load current 
in some of the phases may be as large as 200-300 % of the rated 
value; unless the feedback control is quite sensitive, the speed 
fluctuations will also be present; the scheme as a whole does not 
appear to provide a wide range of speed variation for any load; 


* SREENIVASAN, T. V.: Paper No, 2697 U, October, 1958 (see 105 A, p. 522). 


| 
| 
| 
| 


and also the use of a capacitor is most likely to raise the voltage 
on one of the motor phases far above the normal when the — 
machine is fully loaded, and may present a limiting condition on 
the stress of the winding insulation. Flux density considerations | 
will not present any problem in this scheme, however, as the 
resultant of V, and V,, is equal to the normal supply voltage V 
under all conditions of operation. 

To be able to obtain 3-phase balanced-voltage operation 
of the motor, whenever required, I imagine that a switch, — 
short-circuiting the reactor/capacitor combination, is also © 
necessary. 

The provision for reversing the direction of rotation (gentle © 
plugging) by open-circuiting the reactor is a convenient one and — 
has the advantage over the usual method of plugging that the ~ 
machine does not have to be momentarily disconnected from the 
supply. It is, however, likely to suffer from the disadvantages 
of switching-transient effects and the abnormal rise of voltage 
across some of its phases. 

Prof. T. V. Sreenivasan (in reply): It is true that in this scheme | 
the motor is made to operate under severe duty conditions at | 
low speeds. But it is not suggested that the scheme is suitable © 
when a motor has to operate continuously at low speeds. The 
object is to obtain a ‘soft characteristic’ with the 3-phase squirrel- 
cage induction motor, which will make it suitable for drives like 
cranes, hoists, etc., where the duty is intermittent. In this 
respect, probably, the heading of the paper is a bit misleading. 
The combination, motor and variable-reactor/capacitor, is not 
working in any unstable region. Tests indicate that, even 
though over-voltage is a factor to be considered, with suitable — 
capacitors no difficulty need be experienced. 
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SUMMARY 


The single-phase capacitor motor is an important type of electrical 
machine which requires lengthy design calculations to predetermine its 


: performance. The paper describes a method of using a transformer 


analogue analyser to determine rapidly the currents and torque of the 
motor from its design constants, by direct reading on the analyser 
with very little auxiliary manual computation. The basic method 
assumes no saturation and gives the same results as are obtained by 
the slide-rule calculations in common use. With the analyser, how- 
ever, the effect of changing any of the constants can be determined 
very quickly once the analyser is set up. 
: In the second part of the paper, a method of allowing for saturation 
is described. Saturation is important because of the increase of voltage 
on the auxiliary winding caused by the capacitor under certain condi- 
tions. In order to develop a theory, the flux is resolved along two 
fixed axes and a different value of magnetizing reactance is used on 
each axis. When saturation occurs, the value of reactance for either 
axis varies not only with the flux in its own axis but also with the flux 
in the other axis. Theoretical and experimental methods of deter- 
ming the appropriate reactances are discussed and the values are 
plotted on families of curves. With the aid of the analyser it is then 
possible to use a quick trial-and-error method to determine the per- 
formance of the capacitor motor with any degree of saturation. 

Test results on a capacitor motor are compared with calculations 
made both with the analyser and by manual computation. 


(1) INTRODUCTION 
The capacitor motor,! represented in Fig. 1, has a main stator 
winding D, on the direct axis, an auxiliary stator winding Q, 
on the quadrature axis, and a normal induction-motor rotor. 
Fig. 1 indicates a squirrel-cage rotor, but a slip-ring rotor is 


AUXILIARY WINDING 
Qi 


Fig. 1.—Capacitor motor. 


sometimes used. The main winding is connected directly to the 


single-phase supply, while the auxiliary winding is connected to 
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the supply with a capacitor in series. For starting, the capacitor 
C, is selected to give the required torque at standstill. For 
running at normal speed, the value of the capacitance is reduced 
to C, by means of appropriate switches, or it may be removed 
altogether if the cost of a running capacitor is not justified. 
Thus, two sets of characteristics have to be calculated for the 
capacitor motor for running and starting respectively. 

The transformer analogue analyser? is composed of elements, 
each of which derives by an analogue method the product of a 
pair of complex numbers. A suitable combination of elements, 
can therefore be used to obtain a solution for any system in 
which the quantities are related by a set of linear equations in, 
complex numbers. For the solution of electrical machine: 
problems a conventional a.c. network analyser, in which the: 
elements are electrical impedances, is of limited value because it: 
can only solve problems for which the equations are symmetrical. 
The transformer analogue analyser, on the other hand, can deal 
with unsymmetrical equations. 

There are three alternative theories for the capacitor motor: 

(a) Morrill’s revolving field theory.3 
(b) The two-axis theory.4: 5,6 
(c) Kron’s equivalent circuit.5 

The three methods are exactly equivalent and the choice is 
entirely a matter of convenience. For manual computation, 
Morrill’s theory has the advantage that it leads to only two 
simultaneous equations which give the two stator currents 
directly. The two-axis theory is expressed by four equations 
containing in addition the two rotor currents, the values of 
which are not usually needed. Morrill’s equations can be 
derived from the two-axis equations by eliminating the two 
unwanted rotor currents. Kron’s equivalent circuit is derived 
by transforming the variables so as to obtain equations with a 
symmetrical impedance matrix. 

Either (a) or (6) can be used for manual computation, but 
neither is suitable for solution on an a.c. network analyser 
because the equations are unsymmetrical. (c) can be solved by 
a network analyser, but there is the practical disadvantage that 
a good deal of auxiliary computation is necessary to convert 
from the actual to the transformed variables, and vice versa. 

Any of the three methods can be used with the transformer 
analogue analyser because it can deal with unsymmetrical equa- 
tions.’ In a preliminary investigation, solutions were obtained 
for a capacitor motor, using all three methods in order to assess 
their relative merits when used with this type of analyser. It 
was concluded that the two-axis theory is preferable from all 
points of view. Morrill’s equivalent circuit, unlike Kron’s, gives 
the stator currents directly, but compared with the two-axis 
method it requires a more complicated set-up on the analyser, 
from the points of view both of the representation of slip and of 
the determination of torque. The most important advantage of 
the two-axis theory is, however, that it is possible to allow for 
saturation in the manner described later. This is not possible 
with the two other methods, both of which depend on the concept 
of revolving-field components. 


Briefly, it may be said that the two-axis theory gives the 
* 


J 
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simplest and most fundamental statement of the relations in 
an unbalanced induction motor. For manual computation 
Morrill’s method has some advantage, while for solution by an 
a.c. network analyser, it is essential to transform the variables. 
With the transformer analogue analyser, however, it is much 
better to use the fundamental equations directly. 


(2) THE EQUATIONS OF THE CAPACITOR MOTOR AND 
THEIR REPRESENTATION OF THE ANALYSER 


(2.1) The Two-Axis Theory 


The capacitor motor is represented, for the purposes of the 
two-axis theory, by the four coils indicated in Fig. 2. The main 


ee ene 


DIRECT 
AXIS 


2.—Equivalent winding diagram of capacitor motor 
(two-axis theory). 


Fig. 


and auxiliary stator windings D, and Q, and the connections to 
the supply are as shown in Fig. 1. With either the starting or 
running connection the winding Q, is connected to the supply 
voltage V with a capacitive impedance Z in series. The auxiliary 
current then leads the main current and the motor rotates in a 
clockwise direction. 

The rotor is represented by two fictitious secondary coils D, 
and Q, located on the direct and quadrature axes. The 
secondary currents in these coils are fictitious axis values derived 
from the actual rotor currents by a transformation. The rotor 
coils are short-circuited and hence the impressed voltages are zero. 

The voltage equations for steady a.c. operation of the system 
shown in Fig. 2 are (Reference 6, p. 216): 


rar +i(Xa + xa1) iXq 
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ro + j(Xq + x) 


WX + Xp) 


Ta15 142, Ig2, Ig, = Vectors representing the four currents. 
V = Supply voltage. 

Yats Tq» Xai» Xqi = Resistances and leakage reactances of the 
stator windings. 

Resistance and leakage reactance of either of 
the rotor windings, for which the values 
are assumed to be the same on the two 
axes. 

Z = Impedance of the capacitor. 


ro, %2 = 


A= aa = Direct-axis magnetizing reactance. 
= Effective quadrature-axis magnetizing reac- 
tance for a winding having the same num-; 
ber of turns as the main winding. hy 
a = Ratio of effective numbers of turns of the: 
auxiliary winding and the main winding. | 
v = Ratio of actual speed (clockwise) to synchro- ‘ 
nous speed. | 


Xq 


The numbers of turns of the fictitious secondary coils Dz and | 
Q, are taken to be equal to the effective number of turns of the 
main winding; in other words, all the secondary quantities are 
referred to the main winding. The effective number of turns of’ 
the auxiliary winding Q, differs by the factor a. Hence its) 
magnetizing reactance is a’X, and the mutual reactance between | 
Q, and Q, is aX,._ For each of the four windings the complete : 
self-reactance is ‘the sum of the magnetizing reactance and the: 
leakage reactance. 

If there were no saturation, the quadrature-axis reactance xu 
as defined above, would always be equal to X, because of the: 
uniform air-gap. When saturation occurs, however, the effective : 
reactances on the two axes differ and distinct symbols must be: 
used. It is assumed that the leakage reactances are not affected . 
by saturation. 

With the capacitor impedance Z included in the auxiliary 
circuit the impressed voltage on both main and auxiliary circuits . 
is V. The supply voltage is taken as the vector reference and 
hence V is a real number. Eqns. (1) can be solved to give the 
four currents for any speed v. 

The mean electrical torque in a clockwise direction developed | 
by the interaction between the flux and the current is given as 
synchronous power by: i 


T, = A [Xgl + (Xe + xd | 
— [aX + (X, + xDigall} 


where & indicates the real part, and the asterisk indicates the 
complex conjugate of any quantity to which it is affixed. : 


(2.2) Determination of the Currents and Torque by Means of 
the Analyser 


In principle it is possible to solve eqns. (1) by setting them up 
directly on the transformer analogue analyser. They are, how- 
ever, not very well conditioned for this purpose because the 
primary and secondary currents on each axis are nearly equal 


—W(X, ++ X>) 


Vo) IGk, sip x2) 


jax, Tq + H(@P?X, + Xqi) +Z 


and opposite. A more accurate result is obtained by introducing 
the magnetizing currents Jj,, and Taw given by 


Tim = Ta, + Ty2 


Bs OT Ga) gore 


qm 


: The relationships are clearly depicted in the equivalent circuit 
in Fig. 3, in which the four eqns. (1) are the voltage equations 
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Fig. 3.—Equivalent circuit of capacitor motor. 


round each of the four meshes. Currents Jj, and I, flow in 
ythe reactances X, and a?X,. 

i) The elements Tg and T,, indicated as transformers with the 
primary side dotted, have the property that a voltage is developed 
jin the secondary corresponding to the ratio shown, but that no 
urrent flows in the primary. The circuit is not a normal net- 
ork and cannot be set up on a conventional network analyser, 
but can be readily solved by the transformer analogue analyser. 
} If V is known, the active and reactive components of the 
individual currents in the two primary windings and of the total 
ent can be read directly on the analyser for any value of 
§speed. 

| The torque is determined from eqn. (2), in which the voltages 
given by the expressions in brackets are obtained from the vol- 
tages between the points A, C and B, C in Fig. 3. 


Thus Vac = Xglay + (Xa + x22 (4) 
Vec = a? XJ + aX, — X2)Ig2 
| ie) 1 
‘Then 1 = Ra Vacz at -Vacldn) ish (5) 


| The two parts of the torque can thus be determined by 
measuring the power associated with a voltage and a current, 
leach of which is available on the analyser (see Fig. 3). 

Several alternative methods of making the necessary measure- 
ments on the analyser are discussed in References 2 and 7. To 
determine the current-locus curve and the torque/speed curve for 
a given machine with a given capacitor, the constants are set up 
fon the analyser in accordance with Fig. 3 and measurements are 
‘made with T, and T, set for successive values of v. 


(3) CALCULATIONS AND TESTS FOR AN UNSATURATED 
MACHINE 

To verify experimentally the method described in the paper, 
calculations and tests were made on a small motor. Although 
the results are intended to apply to a typical squirrel-cage 
}capacitor motor, it was necessary to use a slip-ring motor in 
order to be able to measure the magnetizing reactances of the 
‘two axes (see Section 4.1). 
| The machine used was a two-phase four-pole slip-ring induc- 
‘tion motor rated at 100 volts, 50c/s, 2h.p. When run as a 
|capacitor motor the appropriate rating was 110 volts, 50c/s, 
Jh.p. The capacitors chosen were 150 uF for running and 
400 uF for starting. For the tests, an external resistance, 
‘sufficient to increase the rotor resistance by about 50% to 
obtain a value of secondary resistance corresponding to that of 
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a typical Squirrel-cage capacitor motor, was connected to the 
slip rings. All the quantities were selected as far as possible to 
simulate a normal squirrel-cage capacitor motor of this size 
except that the turns ratio, which would usually differ from 
unity, was equal to unity in the two-phase motor. 

The results are given in terms of per-unit quantities, the units 
being as follows, corresponding to full voltage and current as a 
capacitor motor (efficiency, 0-8; power factor, 0-986): 


Unit voltage = 110 volts. 

Unit current = 8-6amp. 

Unit torque = 946 synchronous watts. 
Unit impedance = 12-8 ohms. 


Load tests were performed at 45 volts, or 0-412 per unit, to 
avoid saturation. It was possible at this reduced voltage to 
cover the range from standstill to synchronism without taking 
an excessive current. The capacitor motor was loaded by 
coupling it to a d.c. generator operated at variable voltage with 
a constant field current, and the torque at any speed was deduced 
by measuring the generator output and adding its losses. The 
motor friction loss was also added to obtain the electrical 
torque. The torque at standstill was measured as the mean of 
two spring-balance readings taken when the friction was at its 
limiting values in opposite directions. 

Figs. 4-7 shows the current-locus curves and torque/speed 
curves when operating with the running capacitor and with the 
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Fig. 4.—Current loci for the running condition (unsaturated). 


x Test. 
© Calculation by analyser and desk computer. 
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Fig. 5.—Torque/speed curves for the running condition (unsaturated). 


x Test. 
© Calculation by analyser and desk computer. 


starting capacitor. The currents and torques are the values 
corresponding to full voltage, which are obtained by multiplying 
the measured currents by the voltage ratio and the torques by 
the square of the voltage ratio. Thus, the curves are those that 
would be obtained at full voltage if the machine remained 
unsaturated. They are plotted in this way so that they can be 
compared with the curves actually obtained at full voltage when 
saturation is present. 
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Fig. 6.—Current loci for the starting condition (unsaturated). 
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Fig. 7.—Torque/speed curves for the starting condition (unsaturated). 
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Corresponding values calculated by means of the transformer 
analogue analyser, using the method explained in Section 2.2, 
are also plotted in Figs. 4-7. To check the accuracy of the 
analyser, eqns. (1) were also solved for the running condition 
(C = 150 4F) by numerical computation with a desk computer. 
In Figs. 4 and 5, the calculated curves are drawn through the 
points obtained by manual computation and the points obtained 
from the analyser are indicated by circles. The close agreement 
confirms that the analyser is a reliable means of obtaining the 
theoretical curves. 

The constants used in the calculations were obtained 
from open-circuit and short-circuit tests and d.c. resistance 
measurements: 


Vial Xd1 = Xqi = 0-1 
a—s r2 = 0:085 
Xq = Xq=2:-39 x2 = 0:1 
di = tq1 = 0-042 
Running capacitor (Cy = 150 uF), Z = 0-031 — j1-64 
Starting capacitor (Cz = 400 uF), Z = 0-0082 — j0:587 


To determine the magnetizing reactance, a test was made at 
standstill with the rotor windings and the auxiliary winding 
open-circuited. A sinusoidal voltage was applied to the main 
winding, thus setting up a stationary alternating flux wave. | 
The relation between voltage and current (r.m.s. values) is shown 
by curve (b) of Fig. 8. This curve differs in the saturated region 
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Fig. 8.—Magnetization curves. 


(a) Rotating flux. 
(b) Alternating flux. 


t| 


from that obtained with a two-phase supply on the main and 

auxiliary winding, shown by curve (a) of Fig. 8. For (6) the. 
flux wave is always on the direct axis and its magnitude alternates. — 
For (a) the fiux is a rotating wave of constant magnitude. The 
curves coincide at the lower unsaturated values because the | 
principle of superposition holds when the relationships are 
linear, but with saturation the current is less when the flux 
alternates on one axis only. The matter is discussed in more 
detail in Section 5. 

In the calculations for the unsaturated machine the value of © 
the open-circuit impedance (Xz + xz;) corresponds to the point 
at V = 0:412 on either curve of Fig. 8. 

The agreement between the calculated and measured values of — 
the currents in Figs. 4 and 6 is good, but there is a considerable 
discrepancy between the torques in Figs. 5 and 7. A small error 
occurs, due to the stray losses in the d.c. machine and to the. 
fact that the core loss in the induction motor is neglected in the 
calculations, but the main difference between the torques is due 
to stray losses in the induction motor, which depend on the 
square of the current and cause an appreciable loss of torque 
at low speeds when the current is large. A difference of this 
kind is quite normal in both polyphase and single-phase induc- 
tion motors,® although its magnitude would usually be less in a 
well-designed modern motor than in the old machine used for 
the tests. The measured torque curves also have dips due to 
third and fifth harmonic flux waves, which would not usually be 
as large in the torque curve of a modern machine. The curve 
in Fig. 7 would be acceptable in practice, since the standstill 
torque is almost equal to the theoretical value and the running-up 
torque does not fall seriously below it. 


| 
| 
| 


(4) CALCULATIONS AND TESTS FOR A SATURATED 
MACHINE 
(4.1) The Effective Reactances of the Windings on the 
Two Axes 


When saturation is present the conditions in a capacitor motor 
carrying unbalanced currents are much more complicated than 
in a polyphase motor because there is not a pure rotating flux. 
The axis of the resultant flux wave rotates, but the rotation 


lis not uniform and the magnitude of the flux varies throughout 
ithe cycle. The resultant flux wave can, however, be resolved 
at any instant into two components along the direct and 
‘quadrature axes. The two flux components determine the 
internal voltage V,; and V,; in the windings on the respective 
yaxes, and for any particular values of V,; and Vj; there are 
corresponding magnetizing currents on the two axes. From 
jithese values of voltage and current the two magnetizing reac- 
tances X, and X, can be calculated. In a saturated machine 
ithe value of X, depends not only on Vz but also on Voi, and 
|X, similarly depends on both voltages. In addition, the values 
jof X, and X, depend on the phase angle A between Vy and V;;. 
| Fig. 9 shows four families of curves determined experimentally 
ifor the two-phase motor used in the investigation, The tests 
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were made with the machine at rest and with the secondary 
open-circuited. Each family of curves applies for a given phase 
angle between the voltages. Since the turns ratio is unity for 
this motor, each family of curves, which show_X. 1 Plotted against 
V, for different values of V>, can be used to determine either 
Xq or X, directly. Thus, if Vz; = V, and Voi = V2, the reac- 
tance given by the curve is X, = X,. Alternatively, if Va = V, 
and Vy = V2, the reactance is X, = Xj. 

If the turns ratio were not unity the internal voltage of the 
auxiliary winding would be taken to be Vila when using the 
curves to determine X, and X,. 

For any value of A the reactance curve marked V,=0 is 
derived from Fig. 8, curve (b), by dividing V by I and deducting 
the primary leakage reactance. The effect of exciting the second 
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Fig. 9.—Reactance curves obtained by standstill test. 
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axis is to increase the saturation and to reduce the reactance on 
the first axis. 

The tests were made with approximately sinusoidal voltages 
and the current waves were distorted because of the saturation. 
The reactances are based on the r.m.s. values of current. The 
active component of current due to copper loss and core loss is 
ignored in calculating the reactance. 


(4.2) Performance Calculations using the Analyser with 
Saturated Values of Magnetizing Reactance 


When the capacitor motor is connected to the normal voltage 
the direct-axis internal voltage Vz; can never be very high, but 
the quadrature-axis voltage V,; may be considerably greater than 
the supply voltage under some conditions of operation because 
of the action of the capacitor. To take account of saturation, 
the analyser method described in Section 2.3 was modified to 
allow for the varying values of X, and X,, assuming all the other 
parameters to remain constant. 

If the turns ratio is unity, as in the motor tested, the internal 
voltages Vz; and V,; are the voltages across the magnetizing 
reactances Xz and X, respectively in Fig. 3. In applying the 
modified method the analyser is first set up with estimated values 
of X, and X, and the voltages Vz; and V,, are measured, as 
well as the phase angle between them. New values of X, and 
X, are then obtained from the families of curves of Fig. 9 and 
the reactance settings on the analyser are modified. The process 
is repeated until the values are correct. The successive approxi- 
mations, which would be impossibly laborious by manual 
calculation, are carried out rapidly on the analyser. 

Figs. 10-13 show the current-locus and torque/speed curves of 
the capacitor motor for running and starting conditions. The 
calculated curves, with points indicated by circles, were deter- 
mined with the analyser using the above method. Test values, 
which could not be obtained over the full range because of the 
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Fig. 10.—Current loci for the running condition (saturated). 
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Fig. 13.—Torque/speed curves for the starting condition (saturated). 
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heavy currents taken at low speeds, are indicated by crosses. 
The lower part of each torque curve (shown dotted) is based on 
the tests at reduced voltage. Again the agreement between 


\ 
: 


calculation and test is good on the current-locus curves, but there — 


is a discrepancy between the torques. 


The comparison between Figs. 4 and 10 and between Figs. 6 . 


and 12 shows how important is the effect of saturation in deter- 
mining the magnitude and power factor of the current in both 
windings. 


(5) PREDETERMINATION OF THE REACTANCE CURVES 


The values of reactance used for calculating the performance 
curves by the analyser were taken from the test curves of Fig. 9. 
For design purposes, however, it is necessary to calculate or 
estimate the families of reactance curves from the dimensions 
of the machine. 

The polyphase magnetization curve, Fig. 8, curve (a), is readily 
calculated by treating the machine as a two-phase motor. On 
a machine with equal numbers of turns in the two windings it 
can be measured by using a two-phase supply either on a light 
running test or on a standstill test with the rotor open-circuited. 


The polyphase curve is also given approximately by a single-phase 
jlight-running test if the measured currents are halved, because 
the flux is then very nearly a pure rotating wave. On the other 
hand, the characteristic obtained by a single-phase standstill test 
with the rotor open circuited is curve (b) of Fig. 8, because the 
flux is an alternating wave on one axis. 
) The polyphase curve (a) is used below as the starting-point for 
calculating the reactances when the voltages applied to the two 
indings are unequal and not 90° apart in phase. Consider first 
the condition when a sinusoidal current flows in the direct axis 
winding only: i,(t) = I, cos wt. 
If the winding is well distributed, so as to produce negligible 
Space harmonics, the m.m.f. wave is sinusoidal in space and 
varies sinusoidally with time: m,(0, t) = Mg cos 6 cos wt, where 6 
jis the electrical angle at a point on the air-gap line. 
At a given instant, t;, the m.m.f. curve is that shown by the 
1] line in Fig. 14. If saturation occurs, the curve of flux 


_Fig. 14.—Space distribution of m.m.f. and flux density at time f}. 


density, B(0,t,), is not sinusoidal and has the shape shown 
dotted in Fig. 14. Moreover, the flux linking the winding does 
mot vary sinusoidally with time and hence induces a non- 
sinusoidal voltage in the winding. 
On the single-phase standstill test, by which curve (b) of Fig. 8 
is determined, the voltage is sinusoidal and the current wave is 
distorted. With a sinusoidal voltage the total flux linking the 
winding must vary sinusoidally with time, although the space 
distribution of flux density at any instant is not necessarily a 
sine wave. The current can be calculated if the fundamental 
m.m.f. corresponding to the fundamental flux at any instant is 
known. Apart from errors due to the presence of harmonics, 
the relation between flux and m.m.f. is given by the polyphase 
test, curve (a), since the rotating flux during this test has a 
constant value. Hence (4) can be derived from (a) as follows. 
Let unit m.m.f. be that produced by unit current and let unit 
flux be that which induces unit voltage at the given frequency. 
If the voltage is Vz sin wt, the flux is D,cos wt, where M, has 
the same numerical value as V,. The flux is then plotted against 
time as in Fig. 15 (full line) and the instantaneous current (shown 


Fig. 15.—Time variation of direct-axis flux and current. 
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dotted), which has the same numerical value as the m.m.f., can 
be deduced using curve (a) of Fig. 8. The r.m.s. value of the 
current is that required for the point on curve (b) at voltage Vj. 

By an extension of this method the families of curves in Fig. 9 
can be calculated if the polyphase magnetizing curve, Fig. 8, 
curve (a), is known. The method applies in the first instance to 
a machine with equal numbers of turns in the two windings. 
If the voltages on the two axes are V; sin wt and V> sin (wt + A) 
the fluxes are V; cos wt and V,cos(wt +A). If the unit of 
flux density is such that the wave corresponding to unit voltage 
has unit amplitude, the flux density is given as a function of 0 
and t by 


BO, t) = V; cos 6 cos wt + V2 sin 6 cos (wt + A) 
At instant ¢, the space distribution is 
BOO, t;) = V,,cos 6 + V,sin 0 
where V,, = V, cos wt, 
and V, = V2 cos (wt, + A) 


The resultant flux wave at this instant is a sinusoidal space 
wave of amplitude V, = »/(V? -+ V?) with its axis at an angle 
« such that tana = V,/V,.. 

The fundamental m.m.f. wave at the same instant has a magni- 
tude given by the value of the current J, corresponding to V, 
on Fig. 8, curve (a), since the rotating flux in the polyphase test 
has a constant magnitude. The components of m.m.f. on the 
two axes and hence the instantaneous currents in the two 
windings are 


ll 


V, 
ig(t,) ea yh 


‘ V. 
i,(t,) ae wae 


ig and i, are calculated as functions of time for given values of 
V;, V>, and A, and hence the r.m.s. values are found. The 
reactance on either axis is calculated as the quotient of the 
voltage and the r.m.s. value of the corresponding current. 

Fig. 16 (full line) shows, as an example, the calculated values 
of direct-axis reactance for varying direct-axis voltage with a 
quadrature-axis voltage V, = 0:95 per unit at a phase angle 
A = 60°. The measured curve [taken from Fig. 9(c)] is shown 
dotted in Fig. 16. 
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Fig. 16.—Direct-axis magnetizing reactance Xq as a function of Vg 
with constant Vg. 
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The method of calculating the reactances is only approximate 
because of the effect of harmonics and because hysteresis and 
eddy currents are neglected. Moreover the m.m.f. is assumed 
to be concentrated at the air-gap although the m.m.f. required 
for the iron cores and teeth increases greatly under saturated 
conditions. The method is also laborious if a complete set of 
reactance curves is required. 


(6) PRACTICAL APPLICATION 


Using the method based on the two-axis equations, the trans- 
former analogue analyser provides a direct and rapid means of 
predetermining the characteristics of a capacitor motor with 
very little auxiliary computation. When a set of reactance 
curves is available, saturation is allowed for with good accuracy 
by making a quick adjustment of the setting of two reactances. 
Where practicable, the reactance curves are best obtained by 
tests on a model machine. 

It appears doubtful whether the labour involved in calculating 
the curves by the method of Section 5 would be justified. The 
investigation is, however, valuable because it demonstrates that 
the reactances of the two axes under any condition depend 
primarily on the basic magnetizing curve. It is reasonable to 
assume that the same set of reactance curves would apply for 
all machines having the same magnetizing curve. Since, by a 
suitable choice of scale for both voltage and current, the mag- 
netizing curves of different machines can be plotted so as to 
lie quite close together, the set of reactance curves for a new 
machine can be deduced from those obtained experimentally on 
an existing one. The application of the method to a new design 
is then a simple matter. 
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THE STARTING OF A 3-PHASE INDUCTION MOTOR CONNECTED TO A 
SINGLE-PHASE SUPPLY SYSTEM 


By J. E. BROWN, B.Sc., Ph.D., Associate Member, and C. S. JHA, B.Sc., Graduate. 
(The paper was first received 26th September, and in revised form 19th December, 1958.) 


SUMMARY 

Symmetrical component theory is used to express the relationship 
between the starting performance of a 3-phase induction motor, when 
connected to a single-phase supply system, and its normal starting 
performance in terms of two dimensionless parameters. Performance 
characteristics applicable to machines of any rating are computed for 
a range of values of the two parameters, and various conditions for 
optimum operation are established. Accepted measures of starting 
quality are discussed critically, and a new criterion relating starting 
torque and stator copper loss is proposed. It is shown that best 
Starting performance is given by a phase convertor which simulates 
balanced 3-phase conditions in the machine, and experiments on a 
typical motor indicate that the corresponding run-up performance is 
likely to be satisfactory. 


LIST OF SYMBOLS 
a = Unit complex operator ¢/27/3, 
14, Iz, Ic = Phase currents of the motor under single-phase 
conditions. , 
|Z, | = Magnitude of phase currents under balanced 
three-phase conditions. 
I,, I, = Positive- and negative-sequence components, 
respectively, of the current J,. 

O = Starting quality, defined as the ratio of the 
starting torque per watt of stator copper loss 
under single-phase conditions to the corre- 
sponding quantity under balanced 3-phase 
conditions. 

R = Resistance per phase of the motor primary 
winding. 

T, T;, = Starting torque under single-phase and balanced 
3-phase conditions respectively. 

U = Unbalance factor, defined as the ratio |J,/1,|. 

V = Supply voltage. 

V4, Vg, Vc = Phase voltages of the motor under single-phase 
conditions. 

Vo, Vi, V2 = Zero-, positive- and negative-sequence com- 
ponents, respectively, of the voltage V.4. 

Vy = Voltage across the phase convertor. 

Y = Admittance of the phase convertor. 

Ys; = Admittance per phase of the motor at standstill 
under balanced 3-phase conditions. 

Yo, Y;, Y2 = Admittance per phase of the motor to zero-, 
positive- and negative-sequence currents, 
respectively. 

y = Dimensionless parameter, defined as |Ys/¥|. 

(6 ed I . 

B = Argument of the admittance Y. 

dé = Argument of the admittance Ys. 


(1) INTRODUCTION 


It is well known that when an induction motor is connected 
to a single-phase supply system, no starting torque is developed 
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unless the motor has some form of polyphase primary winding 
in which polyphase voltages are induced, except for machines 
employing the shaded-pole principle, with which the paper is 
not concerned. The most common form of primary winding for 
single-phase motors in the lower horse-power ranges is the 
asymmetrical 90° winding, but for ratings above about 3h.p. 
there appears to be an increasing tendency to use a standard 
3-phase machine. The 3-phase voltages required for starting 
purposes, not of necessity perfectly balanced, are derived from 
the single-phase supply by the action of a static phase convertor 
connected between the free terminal of the machine and one of 
the supply leads. 

The problems incurred in this aspect of induction motor 
operation are essentially those of selecting components of the 
static phase convertor to give satisfactory starting, run-up and 
full-load performance. It can be shown that ideally the com- 
ponents should vary continuously with the speed of the machine, 
but in practice the choice is limited to two set values, one for 
the starting and run-up periods, the other for running at normal 
speed, the change-over being effected by means of a centrifugal 
switch. 

Similar problems occur in the operation of a Ferraris-Arno 
system, and in a recent paper! a basis for the design of a phase 
convertor for satisfactory running of a single machine or a 
multi-machine system was described. Starting and run-up per- 
formances, however, were not discussed in any detail, and the 
object of the present paper is to present an analysis of these 
particular aspects of the general problem of operating a 3-phase 
machine from a single-phase supply. Of previous authors,?>3 
only Jordan and Lax? seem to have given specific attention to 
this topic, but owing to what appears to be an error in their 
theoretical treatment (see Section 7.1) their results differ con- 
siderably from those derived here. 

It is shown that, when symmetrical component theory is used 
to relate the single-phase performance to the normal 3-phase 
performance, the results can be expressed in terms of two 
dimensionless parameters. It then becomes a simple matter to 
compare the performance characteristics obtainable with the 
various possible forms of phase convertor and thus to deduce 
basic design criteria for both the motor and the convertor. 


(2) THEORY 
(2.1) General 


Fig. 1(a) represents the primary windings of a star-connected 
3-phase induction motor connected to a single-phase supply with 
an external static phase-convertor, of admittance Y, in circuit. 
Inspection equations for this circuit, obtained by the application 
of Kirchhoff’s laws, are as follows: 


I,tipt+t Ic =0. (1) 
V= Vib, = 0. (2) 
V4a- Vo —IclY=9 (3) 
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Fig. 1.—Primary windings of a 3-phase induction motor connected to 
a single-phase supply with an external static phase convertor in 


circuit. : 
(a) Windings in star. 
(b) Windings in delta. 


These equations can be solved, in terms of symmetrical com- 
ponent theory, by utilizing the substitutions 


VE V9 Na VS 
Vg =Vo+ @V,+ aV, (4) 
Vo=Vo+ aV, + aV, 
and 
Tee yy ye Y 
Ip = Vo¥o + V1 Y, + aVnY, (5) 


Ic = VoYo + aVy,Y, + a@VnY> 


where Vo, V; and V2 are the zero-, positive- and negative- 
sequence components of V4, respectively, Yo, Y, and Y, are 
the respective values of the admittances per phase of the machine 
to zero-, positive- and negative-sequence currents, and a is the 
unit complex operator ¢/27/3, 

It has been shown in a previous paper! that the solutions of 
eqns. (1), (2) and (3) are given by the following expressions: 


Vo =0 (6) 
| Ve 930°) | 4/3) Ye 730° o 

Ka | we Se 2) 
| Vei3 | | 4/3) Yei30? + zi 

V2 ee | i YoY, i) 


and it can easily be shown that the corresponding expressions 
for the delta-connection of Fig. 1(b) are given by 


Vou = 9 (9) 
| Verh iw/3) + Y> 

Via v| YHY,+¥ (10) 
Shy | Pete CAS) oe Neg 

yee i epee - (1) 


Comparison of eqns. (6), (7) and (8), with eqns. (9), (10) and (11) 
reveals the normal relationship between the voltages of star- and 
delta-connected systems provided that Yj = 3Y. Thus, for the 
present purpose, it is only necessary to consider one of the 
connections, and in what follows attention is confined to the 
star-connected system. 

The complete performance of a given machine with any of 
the possible values of Y can be synthesized* from eqns. (7) and 
(8), and, in theory at least, performance characteristics could be 
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calculated for a wide range of values of Y, permitting the selec- 
tion of those most suitable for a particular application. Whilst — 
the ever-increasing use of various forms of computer makes this _ 
approach possible, a simpler solution of completely general 
application would clearly be more satisfactory. Before attempt- 
ing to derive such a solution it is desirable to consider briefly the | 
performance required of the phase convertor. 

In the first instance, the phase convertor may be regarded 
simply as a device to produce a starting torque and the conditions 
for maximum starting torque can be derived. Alternatively, its 
function may be considered to be that of producing approxi-— 
mately balanced 3-phase conditions in the machine and the 
conditions for minimum unbalance become significant. Other — 
possible measures of the quality of starting performance are the 
starting torque per line ampere or per line ampere squared. 
Whatever criterion the designer favours, it is necessary to com- 
pute the phase currents to verify that no excess local heating 
will occur, and to determine the voltage which is developed 
across the phase convertor. Finally, the components of the 


latter having been chosen to give the desired starting charac- — 


teristics, it is essential to establish that the run-up performance © 


will be satisfactory. 


The obvious datum for any general comparison is the per- © 


formance under balanced 3-phase conditions, and in the following — 
Sections the above factors are considered on this basis. 


(2.2) Starting Performance \| 


(2.2.1) Starting Torque. 


At standstill, Y; = Y, = Ys. Substituting this condition in | 


_eqns. (7) and (8) reduces these equations to the following: tt 


<a Ve—J30° (1/3) Ye—J30° + Ys 

he | /3 | | 3Y + 2Y, | ee 
Vei30°] 4/3) Ye + ¥, . 

Grit g hres Re 


The ratio of the starting torque, T, to the starting torque under — 


balanced 3-phase conditions, 7}, is given by the expression 


Ho oh Ra eae 
i [V7/3] 


(14) 


| 


| 
j 
| 
| 


and it is shown in Section 7.1 that when eqns. (12) and (13) — 


are substituted in eqn. (14) the resultant expression can be 
reduced to the form 


iP 2(,/3)y sin « 
i. St 424i ee 

b y* + 12y cos x 
It should be noted that this equation contains only the two 
dimensionless parameters y and «, and it is therefore possible 
to deduce results which are directly applicable to any induction 
motor with any form of phase convertor. In practice, the 
angle ¢ is always negative and for normal induction motors lies 
between the numerical values of 20° and 70°: for passive elements, 
B lies between +90° for a pure capacitor and —90° for a pure | 
inductor, so that the practical limits of the parameter « are 
+160° and —70°. 

It is shown in Section 7.1 that, for a given value of «, the 
torque ratio is a maximum when y = 3/2, and for a given 
value of y, when a = arccos [—12y/(9 + 4y*)]; and further, 
that when y = 3/2 the maximum torque ratio exceeds unity 
when « > 147-8°. Calculated values of the ratio 7/7; for a 
range of values of y and « are shown in Figs. 2(a) and (b). 
Referring to these Figures, the starting performance with the 
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O° 30°: 60°. 90° 120° 150° 180% 
@, ELECTRICAL DEGREES 
(@) 
(a) With «. 


Negative torques are associated with negative values of a. 


# various possible forms of phase convertor can be summarized 
as follows. 


(a) Capacitor and resistor, 160° > « > 20°; the maximum start- 
ing torque can have any value between approximately 3% and 160% 
of the normal 3-phase starting torque. For pure capacitor starting 
the range is 40 %-160 %, the effect of resistance for all normal values 
of ¢ being to decrease the starting torque. The starting torque 
varies rapidly with y for values of « above about 120°. 

(6) Pure resistor, 70° > « > 20°; the maximum starting torque 
lies within the range 3 %—20% and whilst the maximum occurs when 
y = 3/2, there is, in fact, very little variation with y for any fixed 
value of «. 

(c) Inductor and resistor, 70° > « > — 70°; again the starting 
torque cannot exceed 20°% and there is very little variation with y. 
It is negative with a pure inductor and the effect of resistance is to 
make it decreasingly negative or increasingly positive. 


It is obvious from the above discussion that the best type of 
phase convertor, from the starting-torque point of view, is the 
} pure capacitor. When properly chosen it can give a torque 
} greater than the comparable 3-phase value, but only at the 
expense of some unbalance. The degree of unbalance is dis- 
i cussed in the following Section. 
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Fig. 2.—Variation of starting torque. 


(6) With y. 
@ Test points for « = 150°. 


(2.2.2) Unbalance Factor. 

The degree of unbalance can be conveniently expressed by 
means of an unbalance factor which is defined as the ratio of 
the negative-sequence current to the positive-sequence current, 
|Z,/I,|, which is equal to |V>Y>/V,Y,|. Using the fact already 
noted, that at standstill Y; = Y, = Yz, it follows from eqns. (12) 
and (13) that the unbalance factor at standstill is given by 


(4/3) Yei30° + Y5 
G/3) Ye FO" + Ys 


which can be expressed in terms of the parameters y and « in 
the form 


U = 


(16) 


(17) 


a & + y? + 2(4/3)y cos (« + le 
3 + y? + 2(,/3)y cos (x — 30°) 


It can easily be shown that, for a fixed value of «, the unbalance 
factor is a minimum when y = 1/3, and for a fixed value of y, 
when a = arc cos [—3y/(3 + y’)] with an absolute minimum 
of zero when y = 1/3 and « = 150°. Calculated values of 
U for y = 4/3 and a range of values of a, and for « = 150° 


(o) 
— 


Fig. 3.—Variation of unbalance factor. 


(a) With a. 
(b) With y. 
@ Test points for « = 150°. 


186 


and a range of values of y are shown in Figs. 3(a) and (5) 
respectively. Referring to these Figures, the degree of unbalance 
with the various forms of phase convertor can be summarized as 
follows. 


(a) Capacitor and resistor; the unbalance factor has a minimum 
value between 0 and 91°%, and for a pure capacitor between 0 and 
44%, If ¢ > 60° a resistor and capacitor are required for a value 
of « of 150° giving perfect balance, if 6 = 60° a pure capacitor will 
suffice and if ¢ < 60°, which is usually the case, perfect balance is 
not possible and minimum unbalance is obtained with a pure 
capacitor giving a value of y = 3. 

(b) Pure resistor; U has a minimum value between 67:5 and 91 %. 

(c) Inductor and resistor; for positive values of «, the minimum 
value of U lies between 67°5 and 100%. For negative values of 
«, In > Jy, the starting torque is in the reverse direction and it is 
more logical to redefine the unbalance factor as |J1/Jo|, in which 
case all numerical values are the same and the minimum value lies 
within the same range as for positive values of «. 


It is evident from the foregoing summary that for the unbalance 
to be kept as low as possible the best form of phase convertor for 
most normal induction motors is again a pure capacitor. Best 
performance is obtained with the angle « as near 150° and y as 
near 1/3 as possible. To reduce the size of capacitor, y may be 
allowed to exceed 4/3, but it can be seen from Fig. 3(d) that y 
should not be greater than 2-0 if the degree of unbalance is not 
to exceed 15%. 
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(2.2.3) Phase Currents. i 


The phase currents can readily be expressed in terms of 
the corresponding balanced 3-phase current, |J,|, by sub- 


stituting eqns. (6), (12) and (13) in eqns. (5), and dividing by) 


\I,| = |VY¥s/\/3|. Thus, 


ey 3 + 3y? + 6y cos a \1/2 

=(5-3 ) AS 
I, 9+ 4y* + 12y cosa 

2 1/2 

Tp a 12 + 3y* + 12y cos =) (19) 
I, 9 + 4y? + 12y cos x 
Ic 3 uz 
Bei Se : 20 
ils G + 4y? + 12y cos =) 20) 


It is easily verified from these equations that, when the con- 
ditions for perfect balance, i.e. y =+/3, « = 150°, are sub- 
stituted, the ratios are all equal to unity. 

The variation of the three current ratios with « for values of 
y of 3/2, 4/3 .and 2 and with y for « = 150° are shown in 
Figs. 4(a), (b), (c) and (d) respectively. It can be seen from 
the first three Figures that for all three values of y the currents 
in phases A and C increase rapidly when « exceeds 150°. If 
y<~+/3 this is true also for the supply current in phase B, 
but if y > +/3 the effect is slightly offset by a decrease in the 


08 
5 
Zz 0-4 
ef 
e) 
SI 
F o° 30% “60% Soe" A208 150" 108s GO “308 602" 90° 120* 150% Weo"s 6 30° 6G"-  GO® 120" 50" Teor = 
5|2 X%, ELECTRICAL DEGREES 
q 
Ww (qd) (b) CC) 
Ss 
fe) 7) 
i 
AR 
3 [y) 
Slo 
Ol 
) 
Zz 
q 
ES | 
4 
a 


£Fig. 4.—Variation of starting currents. 


(a) With « when y = 1°5. 
(6) With « when y = +/3. 


(c) With a when y = 2-0. 
(d) With y when « = 150°, 
O, X, @, Test points. 
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latter current. Further discussion of the currents is deferred 
ito the next Section. 

» Some useful results which can readily be deduced from 
eqns. (18), (19) and (20) are summarized below: 


|IplIp| < 1 when y > 1/3 
\Tp/fp| = 1 when y = 4/3 - for all values of « 
 |IplI,| > 1 when y < 1/3 


|Ip| is a maximum when y = {—7 + 7[1 — (48/49) cos2 «]1/2}/4 cos « 
\Zp| is a minimum when y = {—7—7[1 — (48/49) cos? )1/23/4 cos « 
|L4| > |Ip| when cos « < — 3/2y 

\Ic| > |Ip| when cos « > — (2 + 3)/4y 


(2.2.4) Measures of Starting Quality. 


The results derived in the previous Sections enable the various 
‘pcharacteristics to be examined separately, but it is evidently 
} desirable to have some basis for comparing the different per- 
formance criteria. Accepted measures of so-called ‘starting 
i} quality’ are the starting torque per supply ampere, favoured by 
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The variations of Q with y for «a = 150° and with « for 
y = v3 are recorded in Figs. 5(a) and (5) respectively. 

It is interesting to note that the conditions for Q to be a 
maximum are precisely the same as those for perfect balance, 
and that the value of y is the same as for the condition of 
maximum torque per supply ampere. It is considered that the 
proposed measure of starting quality is more satisfactory in all 
respects than the two in current use, and it is not irrelevant to 
add that under conditions of perfect balance such factors as 
noise and vibration are at their lowest levels. 


(2.2.5) Voltage across the Phase Convertor. 

A further quantity which the designer must take into account 
is the voltage developed across the phase convertor, which is 
given directly by the quotient J~/Y. It can easily be shown that 
the ratio of this voltage to the supply voltage is given by 
Vy y, 

V 9+ 4y? + 12ycosa)l2 ~ * ° G2) 


and that the ratio is a maximum when y = 3/(2 cos «). It 
follows that, when « = 150°, the maximum occurs when y is 


(dq) 


(a) With y. 


squared, preferred by others. It is shown in Sections 7.2 and 
7.3 that, for any fixed value of «, maximum values of these 
quantities are given by values of y of 4/3 and 2 respectively, 
and the curves of the two quantities against y for « = 150° are 
recorded in Fig. 5(a). It is also shown in Sections 7.2 and 7.3 
) that, for reasonable values of y, the two maxima occur at values 
of « greater than 150°. 

It may be noted that the above two criteria take no account 
of the currents in phases A and C, which may differ considerably 
from the supply current, Jz, as shown in the previous Section. 
’ Therefore, in the opinion of the authors, neither criterion is 
satisfactory and an alternative is proposed which takes account 

of the heating effect due to all three currents, namely the starting 
' torque per watt of stator copper loss. It is shown in Section 7.4 
that, when this ratio is divided by the corresponding ratio for 
balanced 3-phase operation, the new measure of starting quality 


is given by 
| (4/3)y sin « 
~ 3+ y* + 3y cosa 


Q (21) 


‘and this expression is a maximum when y = 4/3 and « = are 
cos [—3y/(3 + y?)] for fixed values of a and y respectively. 
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Fig. 5.—Variation of different measures of starting quality. 


G) Starting torque per supply ampere, with test points marked O. 
(ii) Staring torque per supply ampere squared, with test points marked x. 
(iii) Starting torque per watt of stator copper loss, with test points marked e. 


(6) Variation of starting torque per watt of stator copper loss with « when y = 1/3. 


equal to 4/3, ie. the conditions are those for perfect balance 
and the voltage appearing across the phase convertor is equal 
to the supply voltage. The variation of the voltage ratio with 
y, for « equal to 150°, is recorded in Fig. 6. 


te) 0:5 1:0 1:5 2:0 oo 3:0 3:5 


Fig. 6.—Variation of voltage across the convertor with y when 
=) 1505 
e@ Test points. 
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(2.3) Run-up Performance 


In theory, torque/speed curves could. be calculated for any 
form of phase convertor from the equivalent circuits for posi- 
tive- and negative-sequence operation. In practice, the effects 
of harmonics and stray-load losses are such that values of 
torque calculated on this basis differ considerably from those 
actually developed by the machine. A compromise procedure 
is to determine the torque/speed curves for positive- and negative- 
sequence operation for a fixed voltage and to use this as a basis 
for theoretical calculations.4 The torque/speed curves can be 
determined by direct experiment or deduced from calculated 
values modified by the results of stray-load loss measurements.* 

Since this procedure is long and involved and since, in any 
case, it is normal practice to select the phase convertor to give 
the required starting performance and to verify experimentally 
that the run-up performance is satisfactory, it will suffice for the 
present purpose to deduce some general conclusions from direct 
experiments on a standard machine. 


(3) EXPERIMENTAL WORK 


(3.1) General 


Tests were carried out on a 4-pole 50c/s induction motor 
having the following name-plate ratings: 3-phase, Sh.p., 
346-380 volts, 7:-8amp/phase, star-connected; and 1-phase, 
220-230 volts, 17-Oamp, delta-connected. For test purposes 
the machine was connected in star and directly coupled to a 
Sh.p. d.c. dynamometer whose speed could be controlled by 
means of a Ward Leonard arrangement. A variable capacitor 
bank was used as a phase convertor. An interesting feature of 
the testing was the use of the bridge circuits for symmetrical 
component analysis, described in a recent paper,® for the direct 
measurement of symmetrical-component quantities. 


SINGLE-PHASE TORQUE 
BALANCED 3-PHASE TORQUE 
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(3.2) Starting Performance 


It is well known that performance measurements on a : 


stationary induction motor are affected by the position of the 
rotor, and to avoid discrepancies due to this factor the stand- 
still results were extrapolated from graphs of readings taken over 
a range of low speeds in both directions. The test voltage was 
100 volts, ensuring that saturation effects were negligible, and 
it may be noted that under these conditions the standstill admit- 


tance per phase was 0-188 _— 60°5° mho giving a possible range 


of values of y of 1-1-3-15 with the capacitor bank and a value | 


of « of 150°. 

The test results are recorded on the same Figures as the 
corresponding theoretical results, i.e. on Figs. 2(b), 3(b), 4(d), 
5(a) and 6, and as reference to these Figures shows, there is suffi- 
ciently close agreement between theory and practice to provide 
complete confirmation of the theory given in Section 2. 


(3.3) Run-up Performance 


The run-up performance was investigated in two ways. In 
the first series:of tests the speed of the dynamometer and induc- 
tion motor was held constant by means of the Ward Leonard 
arrangement and the torque was measured for each value of y 
available from the phase convertor. The tests were repeated for 
a range of speeds and the results are recorded in Fig. 7(a). The 
method of presenting the results used in this Figure, though 
unusual, is a logical consequence of the analysis and facilitates 
direct comparison of the relative merits of the various values of y. 


The results of the tests have also been recorded in the more usual 


form of torque/speed curves in Fig. 7(5). 


In the second series, run-up times were measured for a range 


of values of y taking the run-up period to be defined by a speed 
range of zero to two-thirds of synchronous speed. Three 
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900 
SPEED, rp.m 


(6) 


1200 1500 


Fig. 7.—Variation of torque. 


(a) With y at different speeds measured on the test machine. 
G) Standstill. (ii) 300r.p.m. 
(ili) 500r.p.m. (iv) 800r.p.m. 
(v) 1000r.p.m. 


(6) With speed for different values of y, measured on the test machine. 
G) Balanced 3-phase operation, 
Gi) Single-phase operation with capacitor, y=1:5. 
Gi) Single-phase operation with capacitor, y = 4/3. 
Gv) Single-phase operation with capacitor, y = 3-0. 
(v) Single-phase operation, third line open, y = ©. 


y 


= 


constant field current. 


—_— 


: rather flat and this value is not critical. 


MOTOR CONNECTED TO A SINGLE-PHASE SUPPLY SYSTEM 


different types of loading condition were simulated by means of 
the d.c. dynamometer. For one set of tests the dynamometer 


was left on open-circuit and for the other two it was connected 


to fixed resistors of different values and separately excited with a 
The results are recorded in Fig. 8. 


(3.3.1) Discussion of Results. 


Referring first to Fig. 7(a), it is evident that the value of y 
which gives maximum torque varies with the speed, as is to be 
expected on theoretical grounds. Thus, for example, whilst 
maximum torque is given by a value of y of 1:5 at standstill, 
maximum torque at a speed of 1000r.p.m. is given by a value of 
y of 1-75 and the torque associated with the former value of y 
at this speed is only 91% of the maximum. 

Referring to Fig. 8, it can be seen that the minimum run-up 
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Fig. 8.—Variation of run-up time with y measured on the test 
machine. 


G) Motor on no-load. : : . 
(ii) and (iii) Motor driving a separately excited generator with different values of 
resistance across the armature. 4 


time is in no case given by the value of y for maximum starting 
torque, and in fact a value of y of approximately 1-6 gives 


- minimum run-up time for each type of load. However, in the 


region where the run-up times are a minimum, the curves are 
It has already been 
shown that there are good theoretical grounds for taking a value 
of y of 1/3 to give the best starting performance, and the tests 
confirm that this value will also give satisfactory run-up 
performance. 

It should be noted that the results of the first series of tests 


_ recorded in Figs. 7(a) and (6) represent steady-state charac- 
teristics and do not include speed variation effects. 


The results 
of a recent investigation’ tend to indicate that it is permissible 
to ignore such effects at relatively high values of slip. The 


- results recorded in Fig. 8 are, in any case, dynamic charac- 


teristics, and the conclusions deduced in the preceding paragraph 
are therefore valid for the normal starting operation. 


(4) CONCLUSIONS 
The use of symmetrical component theory to express the 


relationship between the performance of a 3-phase motor when 
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it is connected to a single-phase supply system and its normal 
3-phase performance, in terms of only two parameters, con- 
stitutes a powerful and elegant approach to the problems of 
starting a single-phase induction motor. The separation in the 
two parameters of the effects of the modulus and the argument 
of the phase convertor greatly facilitates a comparison of the 
relative merits of various methods of starting, and since the 
parameters are dimensionless the results are applicable to 
machines of any rating. 

In general, best performance is obtained when the starting 
conditions approach those of balanced 3-phase operation, and 
the ideal combination consists of a machine having a standstill 
phase-angle of 60° together with a pure capacitor whose impe- 
dance is 1/3 times the standstill impedance per phase of the 
machine. The actual choice of phase convertor will, however, 
depend on the application, and some account must of course be 
taken of economic factors which have no place in the theoretical 
analysis given here. For this reason the curves given in the 
text have been selected to cover a wide range of practical 
possibilities, and in any case it is a very simple matter to compute 
further characteristics for the exceptional combinations which 
lie outside the range considered here. 

It is hoped that the method of analysis outlined in the paper 
will prove of interest and value to engineers engaged in the 
design and operation of induction motors. The principles are 
not confined to the 3-phase application, and it is intended to 
offer for publication in the near future an account of a similar 
investigation of the more common problem of starting single- 
phase machines having asymmetrical 2-phase windings. 
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(7) APPENDICES 
(7.1) Conditions for Maximum Starting Torque 
Eqn. (14) is repeated here for convenience: 
Deas sale 
T; |V/3| 
Substituting for V, and V, from eqns. (12) and (13) respectively 


gives 


ply er ch Yisih yse oe ae gle 
3Y + 2Ys 


Tee « 3Y¥ + 2Ys 
and after the further substitutions Y = |Y|e/* and Ys = |Ys|e/# 


(+/3)| ¥ [e/E— 30%) SE |Ysle%# 
3/¥ ei + 2] ¥s|e* 


2 


eiae 
‘ees 
_ eee + |Ys5le%|2 


3|Y|e/? + 2|Ys|e/# 


which on evaluation gives 

es 2/3)|¥||¥s| sin (B — 9) 

T, 9|¥|? +4] Ys]? + 12|¥||Ys| cos (8B — 4) 
Dividing throughout by |Y|? and introducing the notation 
y =|Ys/Y| and a = (6 — ¢) then gives eqn. (15): 


wos 2/3) y sin « 
T, 9+4y? + 12y cosa 


When « is fixed, the maximum value of this ratio is obtained by 
putting the first derivative equal to zero, which gives the con- 
dition that y = 3/2. Substituting this value in eqn. (15) gives 


| | (1/3) sin o 
Ts max 


6(1 + cosa) ° 

This result is similar to that given by Jordan and Lax,? who, 
however, wrongly infer that the expression has a maximum value 
of 0-288 when « = 7/2. It can be seen from the curve for 
y =1-5 in Fig. 2(@) that the ratio exceeds this value when 
« is greater than 7/2 and furthermore will exceed unity 
when «> 147-8°. It can, in fact, easily be shown that 
for any given value of y, 7/7, is a maximum when 
a = arccos [—12y/(9 + 4y?)]. 


(23) 


(7.2) Starting Torque per Supply Ampere 


The ratio of the starting torque per supply ampere under 
single-phase conditions to that under balanced 3-phase con- 
ditions is given by dividing eqn. (15) by eqn. (19). Thus, 
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Tl 
T,/ Tp 


iG 


Ty 


Jy 
Ip 


| 24/3)y sin « 
~ LO + 4y2 + 12y cos « 


he 2(4/3)y sin a 
~ [0 + 4y? + 12y cos a)(12 + 3y? + 12y cos «)]'/? 


9+ 4? + ey coe 
12 + 3y* + 12y cosa 


Differentiating the last expression with respect to y and equating 


to zero leads to the following theoretical conditions for a maxi- 


mum value: 
(7 — 3)(2y? + Ty cosa + 6) =0 


One solution is that y = 4/3 and the others are only real if 
cos* « > 48/49, i.e. cos x > 0-99, which never occurs in practice. — 


Similarly it can be shown that for a fixed value of y the 
maximum occurs when « = arc cos [— (2y? + 6)/7y] or arc cos 
[— 7y/(2y? + 6)], whichever is real, and further evaluation 
shows that for reasonable values of y (say between 1 and 3) this 
value.of « exceeds 150°. 


(7.3) Starting Torque per Supply Ampere Squared 


The ratio of the starting torque per supply ampere squared 
under single-phase conditions to that under balanced 3-phase 
conditions, is given by eqns. (15) and (19): 


TIIZ| A’) y sin 
T,[I?| 12 + 3y? + 12y cos « 


t 


/ 
Equating the first derivatives of this expression with respect to 
y and «, respectively, to zero establishes the conditions for a maxi- 
mum value as y = 2 for « fixed and a = are cos [— 4y/(y? + 4)] 
for y fixed. It can again be shown that for reasonable values of 
y the latter condition gives values of « greater than 150°. 


(7.4) Starting Torque per Watt of Stator Copper Loss 


The ratio of the starting torque per watt of stator copper loss 
under single-phase conditions to that under balanced 3-phase 
conditions is given by 


_ TIL)? + |Ie|? + [Ic|DR 
T,/3|1,|7R 


whence, using eqns. (15), (18), (19) and (20), eqn. (21) is 
obtained: 


Q 


ye (4/3)y sin « 
3+ y* + 3y cosa 
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A NOTE ON THE DIAGRAMMATIC ESTIMATION OF PHASE-SEQUENCE 
COMPONENTS 


By F. DE LA COURT CHARD, M.Sc., Member. 
(The paper was first received \\th June, and in revised form 4th September, 1958.) 


SUMMARY. QO On O12" OS 04 OS YO:6) O07 0-8 19> 16 

__ The evaluation of symmetrical components is arithmetically tedious oo 
| : and a graphical estimation by the usual method involves three separate 
¥p graphical constructions, one for each component. Genesio has shown s Yy, ~S 
that a modification of the equations makes it possible to determine all PRK SS 
_ three components by means of a single graphical construction. This HORS \\ 
| method is here extended to the construction of a diagram calculator by \ 7 mx Xo i 

_ means of which the three components can be read from a single setting : wiiGe A 
: of two Perspex discs. The’reverse determination of the unbalanced ERY YY \ 

_ system from a set of components is also possible. SPS N f 


‘ 4 i 


(1) INTRODUCTION 


_ For the purpose of the analysis of an unbalanced 3-phase 
system into its symmetrical components, the relation between 
bs the phase currents 14, Jz and Jc and the symmetrical component 
currents ig, 7, and i,, which is normally used, is 


$ io = 40, +434+ 10 | Fig. 1.—Arrangement of calculator board. 

is ie aes o) The Cartesian scales and angle scales, in degrees, are marked on the baseboard, 
} = 1 3, a alz TER) if fo) P 2 = 2 (1) while the concentric circles and 120° angles are marked on the two Perspex discs, 
| ; és a 4 ( iS oe ve i <P Ic) J which are rotated to correspond with the angles $2 and 43. 
‘| or in the more convenient matrix form pendently to the scales, in degrees of arc, marked on the base- 


iS board. The left-hand disc is engraved with three radii, 120° 


ig i Doe I apart, so that if one radius is set to an angle ¢), the other two 
oe ey fle ere . . . (2) radii give (6, + 120°) and (¢, — 120°). The right-hand disc is 
‘ Rone i similarly engraved and is used for setting the angle 3. The 


moduli K, and K; are measured on either disc, by the intersection 
Genesio* has shown recently that a graphical construction can of the radii with the concentric circles drawn on the baseboard. 
be based on the relation, 

(2.2) Determination of Components from the Phase Currents 


xe P 1 Koh. Ae To make a determination, the largest of the phase currents. 
2 Seen 1 aKy/¢. a K3 / $3 - +—(3) (say I,4) is chosen as reference and the remaining two are 
; Dy 1 a’K / $2 aK3/ 3 


_where Iz = Ky bola, and Io = K3/ bla. 

This method of graphical solution, while neither shorter nor 
'more accurate than the usual graphical construction, lends itself 
to the use of a calculator board in which the values and angles 
‘of the constants K, and K; are set, and those of the phase- 
sequence components read off. 


@ CONSTRUCTION AND USE OF CALCULATOR BOARD 


(2.1) Design of Calculator Board 


Fig. 1 shows the arrangement of the calculator board, which 
‘consists of two Perspex discs of approximately unit radius, with 
‘their centres spaced exactly unit distance apart. The discs are 
| free to rotate, one over the other, so that each can be set inde- 


* Diagramma per il Calcolo Mediante i Componenti Simmetrici’, Elettrotecnica, Fig. 2.—Essential lines and angles in the analysis of an unbalanced 
1957, 44, p. 601. system of currents. 


as « Fi 4 : : : ‘ ‘ i i i ig. = 287°, 3 = 154°). 
aA ers published without being read at meetings are The angle settings are the same as those of the discs in Fig. 1 (¢2 b; 
| Be icd for Gon mich ce es publication. ; io, i; and iz are scaled off directly and their angles determined from readings on the 


Mr. Chard is in the Electrical Engineering Department, University of Bristol. vertical and horizontal scales. 
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expressed in terms of K,¢, and K33, so that K, and K; are 
fractional and are in fact the per-unit values of Jz and Ig, to 1, as 
base. Fig. 2 shows J,, the unit value, as the distance between the 
two disc centres. The left-hand and right-hand discs are set for 
the angles ¢, and 43 respectively, and the Cartesian co-ordinates 
of the components read off directly, by means of the scales on 
the sides of the enclosing rectangle. Marking off the lengths 
K, and K; from the disc centres on the ¢ and 4; radii, ip is 
read off. Without altering the disc settings, i, is read by marking 
the same lengths, K, and K;, along the radii ($, + 120) and 
(f; — 120). Similarly i, is read between corresponding points 
along the remaining radii (6, — 120) and ($3; + 120). 


(2.3) Synthesis of Phase Currents from the Components 


The converse process, of finding the phase currents from the 
symmetrical component currents, is also possible but subject to 
the necessity of making the two constants fractional. This will 
require that ig and i, be expressed in terms of i;, for most cases, 


since i, is normally the largest component. Taking 
I, il Seis! ig 
I ah SS 1 a a i 1 
Ic Lae Eb 


and writing ig/i; => Ke / $, and in/i, = Ky / Pps 


CHARD: A NOTE ON THE DIAGRAMMATIC ESTIMATION OF PHASE-SEQUENCE COMPONENTS 


ij Kb: 1 Kd 
alp| =i, | aK,/¢, 1 @K, dp, (4) 
alc aK,/ >: I aK, / P, 


Setting the left- and right-hand discs to the angles ¢, and ¢, | 


respectively and marking the appropriate points on the radii, 
corresponding to the lengths K, and K,, I, is obtained by 
measuring the distance between these points. The angle between 
I, and the horizontal is the same as that between 7, and I4. 
Iz is given directly in magnitude, with the same disc settings, by 


| 


measuring the distance between the intersection of the radius 


marked / $, + 120 and the circle giving the value of the modulus 


K,, and the corresponding point on the other disc, where the | 
radius marked / pr — 120 and the circle giving K, intersect. The 


angle of Jp in relation to J, is the angle between the line of Ip 


and the horizontal reference line of the diagram, minus 120°. 
Similarly Z¢ is given in magnitude by measuring between the 


points situated at distances K, and K, along the radii marked 


sp, — 120 and /¢, + 120, on the left-hand and right-hand 
discs respectively. The actual angle between Jc and I, is the 
angle measured on the diagram, plus 120°. 

The time for a determination of the symmetrical components 
from the phase currents, or vice versa, is substantially less than 
by other methods and the accuracy of reading is sufficient for 
most purposes. 
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